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ABSTRACT
Each winter, Britain spends up to £120 million spreading approximately
2 million tonnes of rock salt on our roads to keep them free of ice and
snow. This thesis shows that it would be possthle to1Iificantlflrce
the amount of salt spread, by improving the accuracy of the Road Danger
Warnings issued to Highway Authorities. Each day in winter, the maintenance
engineer receives a Road Danger Warning from his local weather centre.
Unfortunately these Warnings are not very accurate because they are based
on forecasts of minimum air temperature alone, rather than using road
surface temperatures. During the winter of 1982/83, of 102 Road Danger
Warnings issued to Hereford and Worcester County Council, only 32 were
correct in predicting icy conditions on the MS motorway.
This thesis presents a computer model to predict ice formation
on roads up to 24 hours ahead. During the winter of 1978/79 instruments
were installed in the M4 motorway to measure road surface temperature and
wetness. The computer model has been tested retrospectively for 30 nights
when the road surface temperature fell below 5°C. The predicted minimum
road surface temperature has a root mean square error of 0.9°C. During
the winters of 1982/83 and 1983/84, the model was tested in 'real time'
against road surface temperatures measured automatically on the MS and MG
motozways, giving a root mean square error of 1.5°C for 80 nights during
1.982/83, and 1.3°c for 120 nights during 1983/84.
The form of the issued Road Danger Warnings has been changed from
a simple sent.nce issued over the telephone or using telex, to a graph
of predicted road surface temperature and wetness. An optimistic and a
pessimistic graph is issued to give the maintenance engineer an idea of
the certainty of the forecast.
The thesis proposes a national network of automatic road surface
monitoring sites. Each site would be linked to microcomputers in local
weather centres, which would then run the prediction model and issue
Road Danger Warnings accordingly. The information could then be sent to
maintenance engineers using Prestel.
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CHAPTER 1 INTRODUCTION TO WINTER MAINTENANCE
1.1 Introduction
Each winter in Britain, Local and county authorities spend approxi-
mately £120 million to keep our roads free from ice and snow. Are the
British public getting value or money2 Are our roads as safe as they
can be during our uncertain winter weather? The answers to such
seemingly simple questions are beset with "don't knows" and uncertainty.
A recent 'Rayner Scrutiny' (Rayner 1981 discussed in detail in Chapter 2)
failed to identify any reaL savings that might be made to the £11 million
share that we spend on our major trunk roads and motorways.
This thesis examines both British and International experiences
with regard to reducing the costs of winter maintenance. The central
theme of the work is to present a new method of producing 'Road Danger
Warnings' that bridges the gap that has developed in recent years between
the maintenance engineers and the Meteorological Office. In the sixties
and early seventies when rock salt became established as the cheapest
way for maintenance authorities to treat their roads, there was a close
relationship between the number of Road Danger Warnings issued and the
number of times roads were salted. In the late seventies however,
cutbacks in public expenditure meant that the maintenance engineer had
to minimise his proposed spending and attempt to reduce the number of
saltings. Most authorities now restrict salting to priority routes,
caice iess notice of the Road Danger Warnings issued by
the local Weather Centres. These warnings are based on minimum air
temperature forecasts, and because until very recently, no one had
measured road temperatures, they are largely unverifiable.
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During the winter of 1982/83 Hereford and Worcester County Council
received 102 Road Danger Warnings for their stretch of the MS motorway.
They only salted on 39 nights which meant that the maintenance engineers
had to use other sources o information and experience that were more
important than the Road Danger Warnings. What other factors do the
maintenance engineers take into account? How can Road Danger Warnings
be improved? In order to attempt to answer these questions it is
important to understand the sources of error that are inherent in current
winter maintenance practices. These are outlined in Figure 1.1 and
discussed in detail In Thornes, Wood and Blackinore (1977).
Road Danger Warnings are the common denominator of current winter
maintenance practices, in that all authorities receive warnings. An
improvement in accuracy is urgently needed to restore the engineers'
faith in meteorological forecasts. More accurate warnings will then
lead to a reduction in the amount of rock salt spread, and also a
reduction in the number of accidents on icy roads.
There are many other factors involved in winter maintenance apart
from Road Danger Warnings such as the skid resistance of ice and of a
salted road; the ice prevention and melting properties of rock salt;
the corrosion caused by rock salt to vehicles and road structures; the
problems of storing and spreading rock salt; the use of other de-icing
vnf rr m1-hodc: the number of accidents that would have happened if
rock salt had not been spread; the design of salt spreading vehicles;
the role of the salting vehicle's driver and standby payment. This
list is far from complete, and it can quickly be sununized that few of
these topics are at present within the normal spheres of understanding
of the meteorologist or the geographer, or for that matter the maintenance
engineer.
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These topics will, not be discussed in detail in this thesis, but
it is important to realise the breadth of understanding required by a
maintenance engineer, and by the atmospheric manager, a role defined
by Thornes (1978) based on the observations of Terjung (1976).
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1.2 Atmospheric Management
The dialectic between man and the atmosphere is expressed in Figure
1.2 a full discussion of which is given by the author elsewhere (Thornes
1978, 1983). Meteorology has patently ignored socio-economic approaches
to the atmosphere prefering to concentrate on how the atmosphere works,
rather than on the links between the atmosphere and man. This is likely
to continue as long as meteorology regards itself as a "physical science",
but there are hopeful signs that meteorologists are beginning to realise
that if the general public (or non-meteorologists) are to derive maximum
benefit from atmospheric information, then the meteorologists will have
to go out into the real world and talk to the consumers. Obviously in
Britain there is a considerable everyday dialogue between the Meteorological
Office and the general public, in the form of weather forecasts on
television and radio, and in the newspapers. However the weather fore-
casters have left it at that. They assume that "Jo Public" understands
what a cold front means in terms of weather, and that he also automatically
understands such phrases as 'temperatures will be average for the time
of year'. However the vast majority of the general public do not
understand such terms and a maintenance engineer has no training in
meteorology. I have yet to find a maintenance engineer who can
distinguish between the weather conditions that lead to the formation
of snow as opposed to ice or frost. The Road Danger Warning is a
classic case of non involvement by the meteorologist. Instead ot
advising whether or not in their opinion the roads should be salted,
they escape responsibility stating for instance that 'road surface
tençeratures may fall below zero'. The general public, and indeed
maintenance engineers, do not understand enough about meteorology to
interpret the probability of ice formation in that statement. The
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Meteorological Office is interested in revenue and protecting itS
legal responsibilities, and does not see its role as preventing accidents
on roads. Obviously the problem is more complicated than just getting
the meteorologists to talk to their potential customers. Either one
has to train the general public to understand more meteorology, or one
has to train the meteorologists to understand more about management, and
how decisions are made in the case of winter maintenance. This is why
the term atmospheric management has been coined. To take the emphasis
away from a study of meteorology or climatology for its own sake, and
to replace it with an attitude that starts with a management problem
and then seeks a solution using weather information when necessary.
Atmospheric management suggests a new paradigm for approaches to the
atmosphere (Thornes 1981).
There have been several attempts to employ simple economic analysis
to decision making problems in atmospheric management. The most common
is probably the cost/loss utility ratio suggested by Thompson
and Brier (1955). There have been several suggested improvements, such
as Murphy (1966) and Shore (1966), but generally this approach has not
been particularly useful as far as winter maintenance is concerned, due
to the difficulties of putting a value on traffic accidents that would
have occured had the roads not been salted. In 1981 the average cost of
road accidents according to The Department of Transport (1982) were:
Fatal	 £149,200
Serious £ 7,900
Slight £ 1,080
Damaae £	 460
Durina 1981 there were 160 fatal, 2867 serious and 7993 slight accidents
on British roads when snow or ice was present on the road surface
-7-
(Department of Transport 1982). The total cost of these accidents was
therefore:
Fatal = £149,200 * 160 = £23,872.000
Serious = £ 7,900 * 2867 = £22,649.300
Slight = £ 1,080 * 7993 = £ 8,632.440
Total = £55,153.740
The cost/loss utility ratio cannot be calculated from these figures
because it is not knowihow many more accidents would have occurred had
there been no winter maintenance. For the sake of argument let us
suppose that there would be five times as many accidents. The ratio
would then be calculated from the following:
C = the cost of protection against icy roads = £120,000,000 per
annum
L = the loss suffered if protective measures are not taken and icy
roads occur = £55,153,740 * 5 = £276,000,000
C/L = 120,000,000/276,000,000 = 0.43
f P is the probability of an icy road occurring on a given night then
the theory states that if P<C/L do not salt; if P>C/L salt; and if
P = C/t do either. Thus if the probability of an icy road is greater
than 0.43 then salt. The calculation of C, the cost of winter maintenance
is relatively easy. However the calculation of L is so difficult that
it makes the exercise almost worthless. Even if accurate accident
ctit1stics cre available for icy roads with no salting, the values
assigned to the costs of accidents could be debated at length.
kre recent attempts to use economic theory using 'decision analysis'
have also failed to overcome this problem but they have produced some
interesting results. Howe and Cochrane (1976) when discussing the
application of a decision model to urban snow storms concluded that
-8-
'perfect forecasts would have the effect of reducing total cost by as
much as 50%'. This is in line with the hypothesis that we are spreading
twice as much salt as is required in this country, and probably abroad
also. Perfect meteorological forecasts, even on a short time scale,
are not possthle, but the model presented in this thesis is more
accurate than current Road Dnger Warnings, as will, be shown in Chapter
7. A reduction in costs of 25% is a more realistic figure. Other
papers relating to decision analysis but not directly related to winter
maintenance are those of Winkler et.al . (1983) and Keeney (1982). More
research is needed with real world problems to fill the present void
between meteorology and economics.
1.3 Atmospheric Hazards
The atmosphere can be regarded as either a hazard or a resource
depending upon the point of view of the consumer. To give an obvious
example, snow is a hazard to traffic, but a resource as far as the
skiing industry is concerned. With snow and ice however there is
unlikely to be a clash of interest between different consumers. Indeed
skiing resorts rely upon winter maintenance to keep roads open so that
skiers can reach the appropriate ski slopes and resorts. In other
instances there can be a clash of interest: rainfall is a hazard to the
tourist industry in a mountainous area, whereas it is a valuable resource
fn fh water industry. Frost, ice and snow on roads can safely be
classified as atmospheric hazards, but they are formed under differing
meteorological circumstances. As far as the motorist is concerned snow
can be easily seen and therefore it is more likely that the appropriate
caution is taken. Ice is often invisible to the motorist in the
form of "black ice", when water has frozen on a road surface to give clear
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ice crystals. The black road can hence be seen through the ice and so
the name "black ice". Hoar frost is again Avisible phenomena, and does
not normally create such a hazard as black ice, unless it is compacted
into ice by traffic (Thornes 1973).
LindqVist and Mattsson (1979, p18) have taken the distinctions
between snow, ice and frost as far as it is ever likely to go,in
distinguishing between 24 potential situations when slippery roads are
generated as shown in Table 1.1.
As far as Sweden is concerned Lindqvist and Mattsson identified
8 of the 24 as being the most common, these are marked with a star (*)
in the table. Certainly these eight also cause most of the problems
in Britain, although no survey of frequency of occurences has been
carried out. This classification is useful in that it
shows the breadth of met%ological situations that can lead to slippery
roads. It also reminds us that a wet road is slippery too, though not
to the extent of an icy road, as shown in Figure 1.3 taken from Thornes
(1973). The problems associated with snow as a hazard have been discussed
in detail elsewhere in the literature (Rooney J.F. 1973, Hornigold 1970,
Perry 1981, Gray and Male et.al . 1981), but the history of winter
maintenance in Britain involves both snow and ice, and indeed maintenance
engineers rarely distinguish between them. This is unfortunate because
thc tC	 iLI.wwtances .Lect1ng to snowfall are often very
different to those producing ice and frost. Lowndes (1971) showed that
most of the substantial snowfalls between 1954 and 1969 in Britain were
linked to either a warm front or a warm occlusion from the southwest,
or a polar low or trough to a northerly airstream. As will be shown
in Chapter 7 the coldest road temperatures are associated with anti-
- 10 -
Table 1.1 Situations Leading to a Slippery Road
A. ICE
a. Coating of ice (glazed frost)
*(j) Water covering which freezes (including water from melted snow)
* (2) Supercooled rainwater
* (3) Rainwater freezing at a cold surface
(4) Supercooled fog-water
(5) Fog-water freezing at a cold surface
*(6) Coating of ice formed from packed snow
(7) Freezing dew
b. Hoar-frost
*(8) Hoar-frost due to radiative cooling
(9) Hoar-frost due to advection
*(1O) Hoar-frost during a period with increasing (air) temperature
but still a cold road surface
c. Covering of frost of other kind than hoar-frost
(11) Freezing dew
(12) Supercooled fog-water (rime)
(13) Fog-water freezing at a cold surface
d. Naled (icing)
(14) Water supply from the side of the road; freezing on the road
B. SNOW
a. Loose snow
*(15) Direct snowfall
(16) Drifting snow
(17) Supply in other ways
b. Packed snow
*(18) Influence of traffic
(19) Melting - refreezing
(20) Packing in other ways
C. Slush
(21) Influence of traffic
(22) Influence of salt
d. Sleet
(23) Melting snow at air temperature > 0°C
(24) Melting snow at air temperature < 0°C
C. WATER
D. HAIL
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cyclonic conditions, and perhaps the most dangerous road conditions are
caused by clearing skies behind cold fronts. Hence the weather conditions
associated with ice and snow are often very different. Topography also
plays its part in that snow tends to be a greater problem with increasing
altitude whereas ice can be a low altitude problem due to cold air pooling.
In Britain snow is not a regular annual occurrence, and it is not rare for
no snow to accumulate at all during some winters. Figure 1.4 taken from
Perry (1981 based on Jackson 1978) shows a marked gradient from southwest
to northeast of the number of days with snow lying in a median winter.
Figures for a median winter are used because of the variability of such
snow day totals from winter to winter. The frequency of ice formation is
much more difficult to quantify, but nevertheless is undoubtably much
greater than that of snow. During the winter of 1983/84 the motorway
surface temperature, as measured on the MS at Chapman Hill, fell to 0°C
or less on 66 nights, of which the road was wet on 34 nights. However
ice was not observed to form on more than 2 of the 34 nights due . to the salting
of the motorways as will be discussed in detail in Chapter 7. Snow was
lying at 9 a.m. on only 9 days at Birmingham University, 10 kilometers
to the northeast. Hence in Britain a large proportion of the money spent
on winter maintenance is for the prevention of icy roads, rather than for
the removal of snow. Obviously on some nights the melting of snow during
the day can lead to ice formation at night, and so the two cannot be
14-1..
--------3 -
1.4 The Ice/Snow Hazard and Traffic Flow/Accidents
The Highways Act of 1959 (H.M.S.0. 1959) made county and local
authorities responsible for keeping their roads free of ice and snow.
Section 129 states:
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'If an obstruction arises in a highway from accumulation of snow
or from the falling down of banks on the side of the highway, or from
any other cause, the highway authority for the highway shall cause the
obstruction to be removed from time to time....'. This rather vague
description of the highway authorities responsibilities is not just to
reduce the number of traffic accidents that might occur on slippery
roads, but also to keep the roads open to traffic. The aim of winter
maintenance according to Gloucestershire County Council (Unpublished
winter maintenance procedures) is 'To ensure that roads are in such a
condition that essential traffic can move with reasonable speed and
safety'. The key words are 'essential traffic', 'speed' and 'safety'.
Essential traffic presumably means ambulances, fire engines, police
cars and buses as far as the authority is concerned, and usually routes
involving such traffic are treated first. Speed is often associated
with commuting time in large cities, as well as the time it takes for
an ambulance or fire engine to reach its destination. With the opening
of the motorway network in Britain, and other high speed roads, driving
time expectations have become much shorter. Also winter travel time
expectations have come to equal those of summer, and much of the National
Economy depends upon it for the distribution of goods. Hence time is
money as far as travel upon roads is concerned. Safety is concerned with
the number of accidents that occur related to ice and snow. Obviously
ic rc
	
--	 '.ot-ni 1 irivp ion thnn a wet or dry road, due
to the low skid resistance of ice, as shown in Figure 1.3. Codling
(1974) relates weather and road accidents in Britain using published
statistics for 1969 and 1970 taken from the annual summary of Road
Accidents in&eatBritain published by the Department of Transport. These
statistics are based on police reports filled in, at or about the time
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of a reported accident. The weather information has to be treated with
some caution therefore, as the report may be filled in several hours
after an accident. The figures relating to road surface condition have
to be treated with even more caution when it comes to the number of icy
roads reported in accident statistics. Ice may only be present on a
stretch of road for less than an hour, for instance around dawn. By
the time the police reach the scene of an accident the road surface
condition might well, have changed. It must also be borne in mind that
ice is very rarely present on main roads due to the excessive amounts of
salt that are spread, as will be discussed in the next section. Therefore
the accidents which are reported to be related to icy road conditions
are taking place on the relatively few nights when salt was not spread.
Hence the statistics do not reflect in any way the number of accidents
that would occur on icy roads if there was no winter maintenance.
codling (1974) is extremely misleading when he states that in 1973 prices
'It is estimated that the average increase in costs of accidents due to
bad weather conditions amounts annually to about £42 million in wet
weather, £3 million in snow and ice, £1 million in fog... '(page 220).
He is referring to the extra accidents that occur in bad weather over
and above the average number of accidents each year. The total for snow
and ice is misleading because it does not take into account the number
of extra accidents that would have occurred without winter maintenance.
Hpnc t aives a false imtression that winter maintenance is not very
important. Similarly, Codling underestimates the importance of snow
and ice when he states that 'In 1970, only about 4% of all injury
accidents occurred on "icy" roads.... • (page 221). The proportion of
reported injury accidents on "icy" roads has remained more or less
constant according to the statistics:
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1976	 3.2%
1977	 2.5%
1978	 3.9%
1979	 7.1%
1980	 3.3%
1981	 4.4%
except in 1979 when interestingly the figure was 7.1%, double the average
for the other 5 years of 3.5%. The winter of 1978/79 was a cold one,
but also there were a number of gritting strikes around the country, due
to cut backs in standby payments. Unfortunately it is not possible to
separate out the effects of the cold winter and the gritting strikes,
however it does suggest that the average would be much higher without
winter maintenance. Further research is needed into this aspect of the
problem.
1.5 The History of Winter Maintenance in Britain
Before the mid-1950 s winter maintenance was primarily concerned
with the spreading of grit on roads to increase the skid resistance of
road surfaces covered by ice or snow. Hence the phrase 'gritting' which
survives today. The sort of grit used varied according to what was locally
available. Waste ash from furnaces was often used, or simply large grained
sand. The use of chemicals to 	 melt ice or snow, or to prevent
their formation, was first suggested in 1941 by the Road Research
Laboratory. The rock salt mine at Winsford in Cheshire has been open
since 1844, but production was small until the mid-1950's. An Imperial
Chemical Industries (Id) fact sheet about the mine states that: 'The
rapid development of motor transport and high class roads from the 1950's
and the need to keep this road traffic moving safely in winter conditions
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led to a sharply rising demand for ICI Rock Salt Grade 4 for removing
ice and snow.'. For an excellent introduction to the properties of
rock salt for winter maintenance see Williamson (1969). He also shows
that not only is salt corrosive to motor vehicles, and damaging to the
environment, it is also slippery. The skid resistance of a salted road
is much less than that of a wet road as shown in Figure 1.5. Williamson's
answer to the problems of rock salt was to suggest under-road heating.
Unfortunately the cost was and is too great. Salt is here to stay. Hay
and Young (1972) accepted that salting is inevitable, and presented a
far sighted scheme to measure road surface temperatures and wetness to
improve Road banger warnings. It was through discussions with them that
this thesis was started, to provide the forecasting model that would take
the observed road surface conditions, and predict how the road surface
temperature would change, taking into account the forecast synoptic
situation. The aim is therefore to reduce the amount of rock salt spread
on our roads.
There is a vast literature on the corrosive nature of rock salt,
and the subsequent damage to vehicles, road structures, soils and plants.
In Thornes and Blackmore (1977) it is shown that the relationship between
the amount of rock salt spread and vehicle corrosion is not linear.
The Automobile Association (1974) published a corrosion map based on the
inspection of second hand cars, as shown in Figure 1.6. It seems that
the greater the rainfall the less the corrosion, in that heavy rain washes
salt both off the roads and off vehicles. Salt merely speeds up corrosion,
it is not a direct cause in itself. Hence reducing the amount of salt
spread on our roads will not lead to a linear reduction in vehicle
corrosion (see Thornes and Blackmore 1977 for further discussion and
references).
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The climate of a country should determine the commitment to winter
maintenance in the form of how much plant, and how many maintenance
depots are needed. However little international research has been done
to compare the total commitment to winter maintenance of differejt
countries. The Raynor Scrutiny carried out in Britain (discussed in
detail in Chapter 2) found little relationship between expenditure and
climate on a county level.
The weather determines the operational costs of winter maintenance,
but does the amount of salt spread reflect the severity of winters in
Britain? Table 1.2 shows the average annual order of salt by county
from Id, and Figure 1.7 shows how that annual order is indexed with
respect to the number of kilometers of main road in each county. It can
be seen that there are several anomalies. West and South Yorkshire for
instance use far more salt than one would expect. Generally speaking
coastal regions use less salt and central regions away from the warming
influence of the sea, use most. There is also a tendency to use more
salt in the north and east than in the south. Figure 1.8 shows how
the amount of salt spread in Britain has increased from only 50,000
metric tonnes in 1955 to over 2,000,000 metric tonnes in 1979 and
1980. It also shows how production of.rock salt has increased to meet
demand. The winter severity index developed by Hulme (1982) has been
plotted against the salt demand in the following year as show
Figure 1.9. The points are only for the years which are after 1966,
by which time it can be argued that the use of rock salt had spread
into all areas, and hence reflected the severity of the previous
winter. The correlation coefficient is -0.85 which is significant for
13 degrees of freeedom at less than the 1% level. This is to be expected
10000
20000
10000
15000
20000
55000
20000
80000
25000
Total Scotland 255000 49138 5.19
Grand Total 1500000 334304 4.49
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Table 1.2 Estimated demand for rock salt by Counties following
a winter of average severity 	 ic..I.)
Km of salt! Wales
road
salt
demand
tonnes
25000
20000
15000
20000
15000
7000
8000
15000
Km of salt!
road Km
England
Avon
Bedford.
Berks.
Bucks.
Cambr idge.
Cheshire
Cleveland
Cornwall
Cumbria
Derby.
Devon
Dorset
Durham
Essex
Gloucest.
Gtr. Manch.
Hampshire
Here.& Wor.
Herts.
Elumberside
Kent
Lancs.
Leices.
Lincs.
Gtr. London
Merseyside
Norfolk
Northants
Nor thumb.
N. Yorks.
Notts.
Oxford.
Salop
Somerset
S. Yorks.
Stafford.
Suffolk
Surrey
B. Sussex
W. Sussex
Tyne & Wear
Wacwick.
W. Miri1rids
W. Yocks.
Wilts.
salt
demand
to n nes
8000
8000
8000
15000
12000
30000
15000
7000
35000
50000
15000
5000
30000
20000
20000
40000
20000
15000
15000
30000
30000
35000
25000
30000
15000
15000
15000
15000
30000
70000
25000
12000
20000
10000
70000
40000
7000
7000
6000
5000
35000
25000
4s000
120 000
15000
4369
2183
3055
3345
4488
5237
2093
7372
7274
5335
12934
4513
3696
7091
4873
7658
7988
7180
4195
5467
8362
7147
4904
8437
12806
4110
8697
3596
4856
9066
4402
4079
5516
6331
4961
5865
6087
4284
3469
3558
3883
3323
63 SO
7756
4691
1.83
3.67
2.62
4.48
2.67
5.73
7.17
0.95
4.81
9.37
1.16
1.11
8.12
2.82
4.10
5.22
2.50
2.09
3.58
5.49
3.59
4.90
5.10
3.56
1.17
3.65
1.72
4.17
6.18
7.72
5.68
2.94
3.63
1.58
14.11
6.82
1.15
1.63
1.73
1.41
9.01
7.52
7.09
15.47
3.20
Clwyd
Dyfed
Gwent
Gwynedd
Glam. Mid
South
West
Powy s
Scotland
Borders
Central
Dum.& Gall.
Fife
Grampian
Highland
Lo th ian
Strathcl.
Tayside
4119
8014
3186
4509
2544
1589
1647
5614
2986
1956
4242
2063
7464
6982
3250
12670
4590
6.07
2. 50
4.71
4.44
5.90
4.41
4.86
2.67
3.35
10.22
2.36
7.27
2.68
7.88
6.15
6.31
5.45
Total Wales 125000 31222 	 4.00
Total England 1120000 257676 4.35
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of course as authorities restock their salt piles after severe winters.
Id claim that in an average winter they sell about 1,500,000 tonnes of
salt. Imported salt can take the total sales up to about 2,000,000
tonnes. Using the mean winter index calculated by Hulme to be 178 for
the four stations that he used for the years 1930-1981, regression
analysis predicts sales of about 1,400,000 which suggests that Id are
optimistic. However if we take the mean for the 1960's and 1970's,
which is 171.4 we get a prediction much closer to 1,500,000. Of the
decades considered by Hulme the 1960's were the coldest with an index
of 165.3, whereas the 1970's were very similar to the average with an
index of 177.5. Sales of rock salt probably reached a peak in the late
1970's since when cutbacks in authority spending have meant cutbacks in
the spreading of salt. Hence ice and snow are becoming more of a hazard
as fewer local roads are being salted to save money, and also because
the maintenance engineers are taking bigger risks in deciding whether
or not to spread salt. The measurement of road surface temperatures and
wetness, together with improved road danger warnings can only help to
reduce the impact of the hazard.
The current procedures for the winter maintenance of local roads
are left to individual authorities to prescribe. However the maintenance
of motorways and trunk roads is controlled by the Department of Trans-
port. They issue a 'Statement of Service and Code of Practice' to all
agent authorities as will be discussed in more detail in Chapter 2.
The latest isssue is that of 1981 (Department of Transport 1981), which
contains several vague generalisations, for instance:
'The decision to salt rests upon local experience and judgement.
The general weather forecast should be qualified by factors such as local
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geographical idiosyncrasies, humidity measurements, wind speeds, and
residual salinity observations. If a meteorological warning is not
available, precautionary salting should be carried out when falling
temperatures reach plus 1°C, provided the prevailing humidity, residual
salinity and cloud cover warrant the decision.'
This is too vague to be of any practical use. Nowhere does it
state what humidity or temperature measurements should be made, or
where, or how to interpret them. Is the temperature of 1°C an air
temperature at the depot, or an air temperature near the road, or a
road temperature? Clearly there is a complete lack of understanding of
the meteorological conditions that lead to ice formation. Similarly
the local weather centres that issue Road Danger warnings know little
about road Surface conditions. This thesis aims to show that by
measuring road surface conditions in real-time, much better Road Danger
Warnings can be produced.
1.6 International Research into Winter Maintenance
The research reviewed in this section will be restricted to attempts
to improve road danger warnings rather than research into salting
practices. European interests have been served by the "EURO-COST 30"
programme which has been looking at electronic traffic aids for major
roads since 1976. Theme 8 of this programme is concerned with the
development of automatic detection of bad weather conditions, of which
ice and snow are a further subset. British involvement has been mainly
via the design and testing of various fog detecting instruments (Jeffery
eta).. 1981), and the major share of the ice and snow problem has been
tackled by Finland. As such the Finnish Meteorological Office are
probably the most experienced in the world with regards to winter main-
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tenance. Therefore itisbestto look at their research contribution first.
1.6.1 Finland
During March 1983 I visited the Finnish Meteorological Office in
Helsinki. The Finns have developed a road surface temperature prediction
model which is similar in concept to the model outlined in this thesis
(Nysten 1980). The two models have been exchanged and research is now
being conducted to compare their performance in real time forecasting.
In Finland the climate is such that the road surface temperature is below
0°C for weeks at a time in winter. Hence their need for a road surface
temperature model tends to be greatest at the beginning and end of the
maintenance season. In Britain we need to forecast the road surface
temperature virtually every night in winter due to the fluctuations in
temperature above and below zero.
During the winter of 1981/82 an experiment was held in Helsinki
when, according to Keskinen (1982) 'two road masters, local radio
broadcasting and motor police were provided with special weather services
by a real time automatic viewdata transmission system.' Three sites were
instrumented on the motorways surrounding Helsinki, and the forecast road
surface temperature was issued using the Finnish version of Prestel, as
shown in Figure 1.10. This system has been developed as part of the COST-30
progranme as outlined in the Theme 8 final report (referenced as Theme '8'
1979), and other reports such as Nysten and Keskinen 1977, Nysten 1980,
Kari 1976, Keskinen 1979, and Keskinen 1980. This system is undoubtably
the most advanced in Europe, and probably the world. Not only was the experi-
merit a success in terms of the calculated cost/benefit, but also the
Ministry of Communications in Finland has already proposed a strategy
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for expanding the present system nationwide; to employ up to 38 new
meteorologists by 1989. This scheme is discussed in Chapter 8 when
proposed winter maintenance strategies for Britain are discussed.
A further demonstration of the Finnish system is taking place in
The Netherlands during 1983/84. Results have not yet been published,
but the Finnish road surface temperature model has been adjusted for
The Netherlands. This was not a straight forward task as the radiation
simulation in the Finnish model is empirically based on Helsinki data.
The winter of 1983/84 will reveal the model's success at being 'exported'.
Clearly this thesis has to be read in the light of Finnish research.
It is not the intention to compare the models in this thesis as the
Finnish model requires considerable modification to run for a British
site, due to the radiation problem. A version of the Finnish model is
running using the radiation generator presented in this thesis, and is
described in an M.Sc. thesis by Britten (1983). The Finns only run
their model for up to 6 hours ahead which would be a problem for
maintenance engineers in this country, but the model could be extended
to give a 24 hour forecast.
1.6.2 Sweden
Research in Sweden is outlined by Lindqvist and Mattsson (1979) and
Lindqvist (1979. 1982). They have develoried a network of sensors
measuring road surface temperatures around Goteborg, and plans to extend
the network to Stockholm are already underway. The Swedes do not use
a prediction model for road surface temperature, preferring to use the
experience of local forecasters. They have carried out extensive trials
of !therma]. mappin however over the last few years, to the extent that
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they now offer a commercial service, as shown in Figure 1.11. Thermal
mapping will not be discussed in detail in this thesis, but it has a
very important role to play in the siting of sensors as discussed in
Chapter 7, and in Sugrue, Thornes and Osborne (1983) ana in Sugrue
(1983).
1.6.3 Other European Countries
Virtually every country in Europe has carried out some research
into winter maintenance, but no international bibliography has yet
appeared. Therefore just the relevant publications that have been produced
in recent years will be listed. Holland has been quite active, and is
staging the current demonstration for the COST-30 Theme-8 programme.
Elsenarr and }Ioekstra (1975) have looked at the effectiveness of Dutch
rock salt, and Ten Cate (1979) described the development of the use of
sensors in Holland.
Helsen (1973) describes the environmental problems of the use of
de-icing salts in Belgium, and Belfanti (1977) outlines winter mainten-
ance practices in Italy. Dultinger (1976) from Austria looks at the
whole problem of winter maintenance, and Auzilleau and Desfresnes
(1977) describe an experiment to pass on Road Danger Warnings to
motorists, via the radio in France.
T$- q mq thM no other research into the prediction of road surface
temperatures has been carried out apart from in Finland and Sweden.
1.6.4 North America
Sutherland (1980) presents a simple heat balance model to forecast surface
temperatures which has been used operationally in Florida, North America.
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ROAD CLIMATOLOGY
Information about the special dim.tic conditions
adjacent to roads u important in the design of
new roads and (or efficient road maintenance.
particularly dwing the winter. For example.
flows and accumulations of cold air increase the
risk (or local (rest under certain weather condi-
tions. Elevated sections may be more exposed
under other circumstances. Lakes. marshes and
woods cause special local climatic conditions.
The design of the road also affects the tempera-
ture of the road surface. Bridges are well known
for being slippery when there is Fruit.
A method of preparing special road-dimate
maps has been developed. The content of maps
made to date has been dictated principally by Ihc
risk of local icy conditions, but attention has also
been paid to the risks of snow accumulations mid
reduced visibility (snow and log).
Advice can be given on all the special dimatic
problems aatociated with roads and on the tech-
nical aids to Facilitate work. The aim should be to
have the right system correctly used in the proper
place.
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This model has several drawbacks. It can only be used to fore-
cast cooling periods when the air temperature is warmer than the surface
temperature. Also the model is for clear nights only, cloud has not
been considered. The model is of limited use therefore, but appears to
be the only one of its type in North America. It has not been used for
road surface temperature prediction, but rather for agricultural purposes.
List (1979) produced a bibliography concerning weather forecasting and
snow and ice control in Canada which did not contain a single North
American forecasting model. This is not due to the deficiency of the
bibliography, but rather to the lack of coordination between the highway
authorities and the National Weather Bureau, which has meant that Road
anger Warnings are not generally issued in most States. Instead high-
way authorities tend to wait for adverse conditions to occur before they
do anything about them.
There has been much discussion in North America about the merits and
problems of the use of rock salt. Adams (1972) states 'Americans use
6 million tonnes of salt every year to make winter driving safer, but
nobody knows if it really does. • (page 3). Overend (1975) concludes a
similar article 'Someday, some scientific genius may discover a chemical
that efficiently melts snow and ice; does not corrode metal; will not
harm foliage or soil nor pollute streams, lakes or wells; and at the
same time will be produced to sell at less than $20 a ton. But until
that day comes, road crews will undoubtably continue to spread salt on
winter roads, though not as much as in the past.' (page 38). Rock salt is
still the nain de-icing chemical in use in North America, and is likely
to remain so. Murray and Ernst (1976) conducted an economic analysis of
highway de-icing for the United States Environmental Protection Agency.
Their conclusions were rather vague'. ..the level of salt use should be
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reduced. The amount of the reduction should be determined on the basis
of local conditions.' (page 128). This report, along with many others
illustrates how difficult it is to come up with positive methods for
reducing the amount of salt spread. This thesis maintains that an
improvement in the meteorological forecasting of ice and snow is the most
productive solution. Ironically Hode Keyer (1981) in the 'Handbook of
Snow' (edited by Gray and Male 1981) hardly mentions the meteorological
controls in a section entitled 'Factors influencing the melting rate of
snow and ice'. Whereas the editors of a chapter called 'Snowcover ablation
and runoff' (page 360) discuss heat balance of snow and ice in great detail.
The academic interest is there, but it has been channeled into
glaciology rather than into the winter maintenance of roads.
There is a large North American literature concerning the use of
automatic sensors for the detection of road surface conditions, however
non relates to the forecasting of future conditions. The most advanced
sensor system is built in St. Louis by Surface Systems Incorporated
(S.S.I.). This system has been used by the author tQ instrument three
motorway sites in the West Midlands as discussed in Chapter 7.
1.6.5 Other Countries
Outside Europe and North America little research has been published
apart from work carried out in Japan. Ichihara and Mizoguchi (1970)
confirm that the skid resistance of ice is at its lowest when its
temperature is at 0°C. Inoue, Baba and Takada (1970) measured road
surface temperature automatically every kilometer along a 50 km stretch
of road, and claim that this number of sensors is necessary due to
variations in road surface temperature caused by topography and road
structures. They also mention that they used an infrared thermometer
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to measure the road temperature between the sensors, and claim that
with all, this information they can estimate how many permanent sensors
are needed along a certain stretch of road. They do not give specific
examples but the research was ahead of its time. No meteorological
forecasting was attempted.
1.7 Aims of the Thesis
The brief review of international. literature given above shows that
there is still considerable room for more research to improve winter
maintenance practices. This thesis aims to improve the meteorological
input to Road Danger Warnings by first constructing a heat balance
mode], for a road surface, secondly testing the model retrospectively
to enable tuning of the model, and thirdly testing the model in real-
time. Thisthesisisof little use if it is not applied to the real-world,
and hence Chapter 2 is a review of current winter maintenance practices
in Britain, and the production of Road Danger Warnings. Chapter 3
presents the heat balance model and all the assumptions that have gone
into it. Chapter 4 describes the instrumentation of a site on the M4
motorway to test the model retrospectively. Chapter 5 discusses the
translation of the heat balance model into Fortran, and gives a sensitivity
analysis of the model. Chapter 6 compares retrospectively the actual
versus predicted road surface temperatures for 30 nights when the minimum
ria.	 tai.0 was Less than 5°C on the M4. Chapter 7
discusses the instrumentation of three new sites in the West Midlands and
the subsequent testing of the model in real-time during the winter of
1982/83. Chapter 8 assesses the potential of the model for use in the
production of Road Danger Warnings for the futura, and reviews the real-time
production of Road Danger Warnings for West Midlands County Council in 1983/84.
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CHAPTER 2 MOTORWAY WINTER MAINTENANCE IN ENGLAND
2.1 Introduction
Winter maintenance of motorways and major trunk zoads in England
is the responsibility of the Secretary of State for Transport. The
actual carrying out of winter maintenance however is delegated to 60
County Councils and London Boroughs who are agent authorities (AAs) for
the Department of Transport (DTp). These agent authorities also maintain
their own trunk and local roads but pay for these out of local rates.
The maintenance of motorways and major trunk roads is paid for by the
Department of Transport, which has separate branches for Northern Ireland,
Scotland and Wales.
After each winter the agent authorities submit a claim for expendi-
ture which is usually paid without question by the Department. This
"blank cheque" approach is based on mutual trust and experience but it
seems that each agent authority has developed its own set of maintenance
procedures, some of which are much more expensive than others. Indeed,
agent authorit' costs have become fossilised, in that large claims in
the past produce large estimates in the future. The need to standardise
these practices has been recognised by the Rayner Scrutiny carried out
in 1981 entitled - "Winter Maintenance of Trunk Roads and Motorways in
England" (Rayner 1981). Sir Derek Rayner (former Chief of Marks and
Spencer) has undertaken a number of studies for the Thatcher government
designed to eliminate 'waste' from government expenditure. s there any
waste in winter maintenance? It is worth examining this scrutiny in
detail in order to analyse the full economic basis of winter maintenance,
which will enable the relative importance of Road Danger Warnings to be
more clearly assessed.
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2.2 The Rayner Scrutiny of Winter Maintenance
The terms of reference of the Scrutiny weie set out as follows:.
'To examine the methods adopted by a representative sample of local
authorities for the winter maintenance of trunk roads and motorways in
England with a view to securing:
(i) the maximum economy and value for money, sub)ect to the
essential needs of safety;
(ii) effective control over expenditure;
(iii) a good understanding between the Department (of Transport)
and its agent authorities.
The study should include an examination of the scope for alternative
methods of providing this service such as the use of private sector
-contractors.'
The scrutiny presents a thorough airing of the current problems that
face efficient winter maintenance. Twenty-three recommendations for
action to improve efficiency and out costs are put forward. Most of the
recommendations, which are designed to produce a saving of approximately
10% on the current average budget of Elim, are concerned with labour and
plant costs, and only two refer to Road Danger Warnings. The twenty-
three recommendations, listed in Table 2.1 give a good idea of the
width of analysis of the scrutiny. Such a comprehensive list should
oroduce some savncs if all the recommendations are put into practice.
The scrutiny can be split into three main sections which will be
examined in turn. First there is a review of the need of winter main-
tenance; secondly an analysis of current practice as discovered in an
interesting examination of 10 agent authorities; and thirdly the proposed
recommendations.
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Table 2.1 Table of Recommendations
1. Statement of service required on DTp roads;
2. Publicity required;
3. Development of a code of best practice;
4. Analysis of motorway fleet for possible economiest
5. Observance of salt spreading rates;
6. Notification of salt holdings;
7. Contracts between agent authority and Met. Ofce;
8. Annual, discussion of reaction to weather reports;
9. Single manning of salting vehicles;
10. More uniform and less extensive l,abour coverage;
11. More reliance on police patrol observations of road conditions;
12. More widespread adoption by agents of economical plant maintenance;
13. Abandonment of DTp's operational supervision in normal winters;
regional emergency arrangements;
14. More detailed outturn atements for annual discussion with DTp;
15. Routine copying of the agent's financial progress reports to DTp;
16. Sepo.rate consideration of winter maintenance funding and performance;
17. Revised cashflow management for winter maintenance;
18. More liberal attitude towards use of motorway plant on adjacent
roads;
19. Transfer of DTp plant to agent authority ownership;
20. Review of specialist Emergency Snowplough Reserve;
21. Performance specification for motorway plant;
22. Timing of a fleet transfer;
23. Provision of service by direct PTp management of contractors
rejected.
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2.2.1 The Need for WinterMainteance
1. The terms of reference of the scrutiny made it clear that economy
was not to be sought at the cost of a reduction o safety, Also it
appears that there is no danger that winter maintenance will, be
withdrawn or even severely cut because:
the general effect of case law is that he (the Secretary of
State) is vulnerable to legal action if he declines to act or make
adequate arrangements...........to keep his roads open.' Section 5.2)
There are no published details o how many such cases arise each
year, but clearly this places additional pressure upon maintenance
engineers to salt their roads 'just in case'. The frequency of
oversalting for this, or any other reason cannot be checked until
road surface conditions are monitored. Of urse the monitoring of
road surface conditions would make legal arguments more clear. The
report does not suggest that oversalting is taking place: 'We had
no representations that the current service was excessive.' (Section
5.4). This was probably due to the fact that the Scrutiny was con-
ducted as an internal exercise within the Department of Transport
and associated agent authorities. It has been suggested by Laxen
(1977) and Thornes et.al . (1977) that up to twice as much salt is
being spread than is actually needed. In the absence of road surface
data however this remained a hypothesis; a hypothesis that has been
tested and confirmed in the West Midlands during the winter of
1982/83 as discussed in Chapter 7 of this thesis.
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2. The Scrutiny goes on to justify current levels of winter maintenance
under the heading of 'safety and public expectations' but is critical
of driving standards:
'The driving public no longer makes sufficient allowance for winter
conditions. Ice and frost are particularly treacherous though
motorways in fog suggest that drivers discount overt danger as well.
Expectations, encouraged by improved, high speed roads, have reached
the point where winter travelling expectations equal those of
summer......' (Section 5.1)
The Scrutiny admits however that the publicity surrounding winter
maintenance is poor, 'leaving the public in optimistic ignorance'
<Section 5.4). Certainly the public deserve more information about
road surface conditions. Recently for instance the use of 'cats
eyes' with liquid crystal reflectors that change colour according
to their temperature, has been suggested. This would be a relatively
cheap way of informing the motorist that the road surface had fallen
below 0°C, but would not inform the motorist whether or not the
road has been salted, or indeed whether or not ice was likely to be
present. Once road surface temperatures are being measured it would
be a simple task to display the actual temperature plus a warning
sign on the speed restriction signs. Experiments are currently
F iJci r, n1ace in Badfordshire on the Ml to provide a more detailed
explanation of road conditons using electronic warning signs. The
Scrutiny does not examine technical improvements however:
'We reviewed recent technical developments, but found them at
present inadequate to replace operational judgemert or a driver's
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visual appreciation of conditions, But since we favouz less
reliance on shift coverage of strategic routes the technical refine-
ment of ice prediction may have an increasing though supplementary
importance in helping operational management.' (Section 5.7)
This is an important statement in that it moves well beyond the
relaying of technical information to the public. It hints that ice
prediction might have an increasing role to play. This is a very
conservative view of the role of improved ice prediction. Road
sensors and real time computer modelling can certainly improve
operational management.
In that the Scrutiny was designed to cut costs immediately, it is
not surprising that research and development has not been examined
in detail as such developments take time to come to fruition.
3. The importance of reducing delay due to wintery conditions and
reducing the number of accidents caused by such conditions is
discussed in Section (5.5):
'Some 4.2m vehicles travel on motorways and, trunk roads each day.
DTp has computed an average cost per vehicle at 1979 prices for
1 hour's delay on the motorway was £2.67. If applied to the whole
DTp network that suggests that an artificially imposed delay in
salting would cost pn avarn. nr1. !.'2 ;c.
These figures are only estimates but nevertheless clearly show the
amount of money at stake in the benefitJcost ratio. Using these
figures an artificial delay in salting which caused motorways to
be blocked for 24 hours would cost £12m which is more than the
average £tlm spent on the winter maintenance of motorways in a year.
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These delay costs are felt most of all by industry, ad in view of
Sir Derek Rayner's commercial interests the following paragraph is
interesting:
'Commercial interests would vociferously object to artificial delay
in treatment. Many companies operate tight time schedules in trunk
freighting and distribution. This has become possible only with
motorway network development and a high standard o service offered.
Erratic delays to trunk service vehicles would disrupt the whole
operation with ripple effects back to production and forward to
local delivery. Winter is reckoned to be the peak period for goods
movement.'	 (Section 5.6)
The current level of winter maintenance appears to be doing its job,
as far as keeping the motorways open is concerned. Palutikof (1981,
1983) has analysed the effect of severe winters on road transport
and concludes that the main effect is on private journeys: 'Goods
transport is less disrupted, presumably because journeys are post-
poned rather than cancelled.' Motorways and major trunk roads have
only been closed for very short periods in the past due to blockage
by snow and ice.
4. Moving on to safety the report states:
'The attributci eu	 -'	 i	 tc	 bj z.ctia,	 Lt. esiflg
driver responsibility. But delay in treatment extends the opportunity
for accidents, whose 1980 average costs are estimated as £119,300 per
fatality and £5,040 per serious injury. ,....Duriug the 5 years from
1975/76, the number of winter accidents on DTp roads was stable,
while the volume of traffic increased, resulting in an 8% decrease
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in rate of accidents per vehicle - kilometer.' (Section 5.8)
Attempts to put a price on human life have been extensively
questioned (e.g. Adams 1974) but attempts to reduce the accident
rate have not. The number of accidents that have been attributed
to icy roads does not reflect properly the number of accidents that
would have occured had winter maintenance never been attempted.
This question was examined in the previous chapter but at the costs
per fatality quoted above the Elim spent on winter maintenance of
motorways is worth about 90 lives.
5. As regards the use of salt the report states:
'We can not find a preferable alternative to ground rock salt as
melting agent.' (Section 6.1)
Salt has been under attack particularly in North Ziuerica for its
corrosive and environmentally damaging side effects. These costs
are not borne by the Department of Transport however Therefore
they do not enter the benefit/cost analysis in the Scrutiny. For
instance as far as corrosion is concerned:
'The avoidance of corrosion has been quoted as a possible "sa'ing"
if salting was eliminated or greatly reduced. Elimination is
impractical and the saving on reduction would be difficult to quantify,
particularly as technical study, though inconclusive, suggests that
the marginal rate of corrosion is not uniform with increasing volume
of salt.' (Section 6.5)
Figure 1.6 shows that the most severe corrosion is in the East of
England where on average less salt is spread than in the land areas
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of the North and West. The annual cost of vehicle corrosion has
been estimated by Valery (1973) to run to several hundred million
pounds per year. Murray and Ernest (1976) estimated that the 9
million tonnes of salt spread in the United States at a cost of
$200in (in 1976 prices) caused the following:
the contamination of water supplies.....$150m; those for
vegetation at possthly $50m, for cars $2,000m, for bridge decks
$SOOm, and for utilities more than $lOm.' (p89)
These costs are only approximations but nevertheless if they are
of the correct order of magnitude then they cannot be ignored.
Salt must only be spread when necessary and to this end improved
Road Danger Warnings must be sought.
2.2.2 Financial Analysis
1. The Scrutiny assumes that the benefits of winter maintenance far
outway the costs, and that the costs can be reduced by improved
management:
'Trust in agent management has declined into laissez faire
Financial control has been inadequate.'
There has been a lack of analysis of agent spending on winter
maintenance probably due to the fact that the financial figures
have been absorbed under general headings of expenditure on all
maintenance. The Scrutiny presents for the years 1975-80 the first
major financial breakdown of costs that has ever been attempted.
For instance in the winter of 1979/80 the total cost for motorway
maintenance in England (Table 2.2) was E11,521000 comprising:
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Table 2.2 The Cost of Motorway Winter Maintenance in England
(E000)
(a) allocations paid to agent authorities 	 7,585
(covers salt, fuel and labour)
(b) agent authority management (8% of (a))
	
607
(c) Department of Transport staff effort
(i) in H.Q.	 20
(ii) in regional offices	 46
(d) Department of Transport plant
(1) plant development
	
2,681
(Ii) maintenance and stores 	 301
(iii) staff effort	 281
Total	 £11,521
Each year the Department of Transport allocates sums of nney to
each agent authority to cover all maintenance expenditure in the
region. Winter maintenance is but one item out of twenty:
'The split between winter maintenance and other expenditure was
usually left to regional decision though for 1981/82 H.Q. have
suggested sub-allocations. Regional autonomy is much valued as
tailoring funds available to particular regional needs. • (Section
4.3)
According to the Scrutiny 'winter expenditure has not been audited
in living memory.' (Section 4.6)
2. To illustrate this patchy and loose supervision the Scrutiny examined
10 county council agent authorities to compare winter maintenance
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expenditure. Just as Hornigold (1970) and Blackmore (1977, 1983)
found from questionnaire analyses of agent authorities, winter
maintenance practices are diverse and often unaccountable. The
ten counties are not named directly by the Scrutiny but they are
easily identifiable. The results of this analysis have been
examined elsewhere by the author (Thames 1982) but they are worth
discussing here in more detail.
The sample counties were chosen to give a 'wide spectrum of climatic
and physical diversity, standard practices and unit spending rates'
(Section 7.3). Table 2.3 identifies the counties from the
descriptions of each given in the Scrutiny.
The Scrutiny calculated the amount spent on motorways and trunk
roads per kilometer of road. The length of road is expressed in
kilometers of single carriaway equivalent (SCEKM) which is the
standard unit used by the Department of Transport. In other words
if a road is three lanes wide it is classed as being three times
as long as an equivalent length of single carriagway. Table 2.4
shows how the spending rates vary between counties.
Figure 2.1 shows that there is a weak relationship between the
spending per SCEKM, and the number of SCEICM in each county. The
correlation coefficient for the nine counties with motorways is
0.586. This is just significant at the 5% level (critical value
for 7 degrees of freedom is 0.582). This suggests that the more
miles an agent authority has to maintain the greater are its unit
costs. The correlation coefficient for trunk roads is not anywhere
near significant at 0.018 (critical value of 0.549 at the 5% level
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Table 2.3 Descriptions of the Ten Counties in the Sample
County A: northern, mountainous, without motorways, very high spending
rates; deeply involved in last winter's allocation dispute
(Northumberland)
County B: northern, mountainous , with spine motorway, high spending on
motorways but average on Th's. (Cumbria)
County C: very large, rural, northern part mountainous though strategic route
is in lowland; spending rates very low (N. Yorkshire)
County D: mountainous, northern, metropolitan; high spending rates
(W. Yorkshire)
County E: midland, part upland, fairly exposed; higher TR than motorway
spending rates (Derbyshire)
County F: midland, undulating; motorway spending rates (low) but
average TR spending (Warwickshire)
County C: typical home county, with 2 distinct motorway sections; high
motorway spending but low TR rates (Buckinghamshire)
County H: lowland west-country with spine motorway sections; lower
than average spending rates (Somerset)
County I: south coast, high spending on motorways and low spending on
TRs '(Hampshire)
County K: south coast, exposed with spine motorways; high spending
rates on motorway and TRs (Kent)
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Table 2.4 Spending Rates per SCEKM for Each County in 1979/80
	
km of M/W km of TR M/W	 TR
equiv.	 equiv.	 £/km £/km
Northumberland
	
262
	
1291
Cumbria	 291	 390
	
937
	
751
N. Yorkshire	 32
	
570	 397
	
292
W. Yorkshire	 267	 226	 1339	 875
Derbyshire	 210
	
300
	
362
	
474
Warwickshire	 150
	
356	 299
	
328
Buckinghamshire	 156
	
73
	
590
	
233
Somerset
	
186
	
104
	
310
	
248
Hampshire	 291	 318	 608
	
219
Kent
	 345
	
336
	
656
	
567
TR: Trunk Road M/W: Motorway
for 8 degrees of freedQm), The eiy ow cgst per SCEKM foz trunk
roads produced by North Yorkshire, which has the most trunk roads
to look after of all counties sampled, tends to lower the correlation
coefficient substantially. The other 9 points on the graph are very
similar to the motorway figures. Generally speaking therefore it
seems that, with one notable exception, small is beautiful and
cheao!
Figure 2.2 conares spending on motorways with spending on trunk
roads for each county, and shows that 7 out of the 9 counties
plotted spent more on their motorways than on their trunk roads.
There is a positive relationship with a correlation coefficient of
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0.825 which is significant at the 1% level (critical value for 7
degrees of freedom at 1% is 0.798) showing that the bigger spenders
on motorways tend to be the big spenders on trunk roads also. This
is to be expected in that the same Road Danger Warnings are received
for each.
The discrepancies in spending rates between for instance North and
West Yorkshire are difficult to explain. Table 2.5 goes some way
to explain where the main differences lie:
Table 2.5 Breakdown of Costs for North and West Yorkshire
(1) Notorways
Labour	 Plant	 Salt	 Total
N. Yorkshire	 85(21%) 117(29%) 194(50%) 397(100%)
W. Yorkshire	 717(54%) 407(30%) 212(16%) 1337(100%)
(ii) Trunk Roads
N. Yorkshire	 51(17%)	 91(31%) 150(52%) 292(100%)
W. Yorkshire	 331(38%) 320(37%) 224(25%) 875(100%)
(all figures are £/SCEKM)
It can be seen immediately that West Yorkshire spend far more on
labour and 'plant' for motorways and trunk roads. The cost of salt
per SCEKM is not that different, but presumably West Yorkshire use
!r :1ti;	 hi!	 1 'r'!er t,	 '4r wø rvijj4.1t	 .j.
improvement in Road Danger Warnings is unlikely to reduce salt costs
for West Yorkshire in percentage ter,as North Yorkshire spend
more than 50% of their budget on salt. Nevertheless the labour
costs are so great in West Yorkshire that better Road Danger Warnings
would reduce the number of outings, and hence save money.
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The overall expenditure has been averaged for the three northern
counties (for which detailed information is available) and compared
with the five southern counties. These figures are given in
Table 2.6:
Table 2.6 Comparison of Expenditure of Northern v Southern Counties
(i) Motorways
Labour
Northern(C-E) 355(51%)
Southern (F-K) 234(48%)
(ii) Trunk Roads
Northern(C-E) 179(33%)
Southern(F-K)	 69(22%)
Plant	 Salt	 Total
183(26%) 160(23%) 698(100%)
119(24%) 139(28%) 493(100%)
189(34%) 179(33%) 547(100%)
145(45%) 105(33%) 319(100%)
For motorways the percentage figures are remarkably similar, showing
that 50% of costs are spent on labour. The total figures are
greater for northern counties than for southern counties as might
be hypothesised for geographical reasons. Remarkably on trunk roads
exactly a third of costs is spent on salt for both regions. The
larger expenditure on 'plant' for trunk roads is not comparable
with motorways because of the plant provided by the Department of
Transport for motorways. Nevertheless the northern counties appear
to spend significantly more on labour than the southern counties.
The Scrutiny also examines these figures in detail, and offers the
following comments:
'This very wide diversity in spending rates among sample counties
and between motorways and trunk roads in the same county, Partly
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results from climate, relative exposure to wind, topography,
traffic volumes, and accessibility of labour.....coverage and
response time attempted, labour agreement, rates of salt application,
type of organisation and reliability of local authority cost
accounting.' (Section 7.5)
Quite an extensive list I Also the reliability of the data is
questionable. 'Both the Department of Transport and sample
counties had difficulty in providing accurate detailed data -
itself an illustration of a major weakness in the service.'
(Section 7.6) If all counties had equal difficulty it is probable
that the figures are nevertheless comparable.
An interesting point emerged in the discussions with the sample
counties that:
'Snow clearance in most winters is far less important than precaution-
ary salting.' (Section 7.6)
If, as this thesis maintains, far too many Road Danger jarnings for
precaution&y salting are issued then immediate savings of labour
and salt would be made possible by improved forecasts of icy roads.
3. The climate of a county should determine the level of plant required
for winter maintenance. The weather determines labour and salt costs.
Altogether in 1979/80 labour and salt accounted for 75% of the costs
of motorway maintenance and 65% of the costs of trunk road znainten-
ance. The recommendations of the Scrutiny are only expected to
save about 10% of total costs, a reduction of precautionary saltings
due to better Road Danger jarnings of one third might potentially
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save one third of 75%, i.e. about 20% taking into account the fixed
costs of standby and shift payments.
4. The management of winter maintenance is usually the responsibility
of the county surveyor, and the Scrutiny is aware that the surveyors
judgement dictates the spending rates also:
'The organisational role of the county surveyor cannot be overstressed.
He agrees with his Council Committee the winter maintenance policy
for county roads and, in default of Department of Transport instruc-
tions, for Department roads as well; he establishes the required
organisation; he sets out route treatment priority; he decides the
'winter maintenance season'; he directs operations in severe con-
ditions; and he negotiates the labour agreement. Each county
surveyor interviewed would not recommend practices except for his
own county conditions, yet similar counties are differently organised,
pointing to marked autonomy of professional judgement:
The key decision of when to salt or not in each area is usually
delegated to the county divisional surveyor, whose local knowledge
and experience is vital. Even here practice is diverse: counties
C, C. K and until recently D salt when weather forecasts indicate
a likely temperature of less than 0°C; counties B and E salt when
falling temperatures reach 34°F while counties H and I salt when
falling temperatures reach 2°C (35°F); county F seeks to avoid
salting in overtime by salting whenever possible during normal
hours.' (Sections 7.1,6 - 7.17)
The Scrutiny is not clear as to whether it is referring to air or
road temperatures, but presumably it is discussing road forecast
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temperatures. The diversity of practice is staggering and is
surely not just related to lack of Department of Transport control.
The major reason for such autonomy is the lack of feedback as to
the success or need for the salting of roads on a particular night.
At present the only feedback is the occurQnce of accidents on
unsalted roads. In 1970 there were 10,432 accidents reported when
the road surface was classed as icy (Codling 1974). This was 3.9%
of all accidents in 1970 reported. Row many accidents would have
occuid if there was no winter maintenance? That figure of 10,432
represents the nights presumably when ice was not forecast or the
county surveyor decided not to salt. If road surface temperature
and wetness were actually measured then the county surveyor would
have immediate feedback as to the success of his decision, as well
as extra information to help him to decide whether or not to salt
in the first place. This would immediately help to standardise
winter maintenance procedures, because the county authorities could
be asked to submit details of road surface conditions on the nights
that they salted (or decided nc to salt). Armed with such infor-
mation comparisons between counties could immediately pinpoint
spending differences due to climate, topography, bad decision etc..
'Otherwise counties will continue to hide behind the excuse that
their particular region demands special attention.
5. The recommended spreading rates for salt were reduced in 1976 from•
the imperial rates of 1/2/oz/y2 and 2 oz/y2 (equivalent to 17 and
68 g/m2 ) to the metric rates of 10 gJm2 and 40 g/m2 . The former
figures are for precautionary salting and the latter for treatment
of ice that has already formed, or snow that has already fallen.
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The Scrutiny revealed however that some counties still use imperial
rates:
'In precautionary salting for icy conditions about half of the
sample counties claim to attempt the Department of Transport's
recommended rate of spread, which is achievable with relatively
dry salt. But some counties still use imperial rates...... In
salting for other conditions there is a wide and inexplicable
variation in the rate of spread attempted by individual counties.'
(Section 7.22)
These discrepances and several others already discussed led to the
first recommendation of the report (See Table 2.1) which suggested
the publication of a new code of practice for winter maintenance.
This has been published (Department of Transport 1981) and will
now be discussed along with the other recommendations.
2.2.3 The Recommendations
There is not sufficient space to discuss all the recommendations,
so that the discussion is limited to those that concern directly the
Road Danger Warnings issued by the Meterologica]. Office. Recommendations
1 and 3 (Table 2.1) have already been carried out. The 'Statement of
Service and Code of Practice' issued in November 1981 was too late to
r:t '' i- 'vi I-hA practicA of the i981/82 winter, but in that
it was sent to all agent authorities it was hoped to standardise
maintenance procedures from then on.
The code defines three distinct periods for winter maintenance:
(1) High period - December, January and February during which 24 hour
cover should be provided in order to be able to achieve a two hour
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maximum treatment time.
(2) Low period - November and March, if possible precautionary action
should take place during normal working hours. Call-out arrange-
ments, with operatives of f duty, should be used outside normal
hours.
(3) Marginal Period - October and April, plant should still be available
but treatment should only be carried out in 'exceptional circum-
stances.'
These periods are reasonable and the code does state that 'Excepti-
onally when severe conditions are prolonged during these periods (low
and marginal) it may be necessary to implement high period arrangements.'
Of course the British climate is unpredictable and it could be argued
that these periods reflect the likelihood of snow rather than icy roads.
Nevertheless it is about time that the season for maintenance was stand-
ardised. Table 2.7 shows that the maintenance season for most counties
was different in 1980/81.
By standardising the maintenance season it should also be possible
to compare spending rates more easily, especially if all the authorities
adopt the new overnight cover suggestions, and single man their salters.
Previous codes of practice have obviously failed to achieve uniformity,
presumably because authorities were not asked to provide details of
$hj, hhits. With fhc -ie wthoriti haveto reoort what they are
doing and if they object to the suggested periods they have to get
permission from the Department of Transport to go their own way.
Having set out the maintenance season and cover, the code then
offers guidelines for treatment of ice and snow. Here the code is at
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Table 2.7 Summary of Sample County Services 1980/81 ( 	 Iil')
County	 Normal WM Season
A
	 Nov.-mid March
B
	 9 Nov.-end Feb.
C
	 1 Nov.-end March
D
	
I Nov.-end March
E	 mid Nov.-mid March
F
	 1 Oct.-end April
G
	
"winter period" (sic)
H	 early Dec.-late Feb.
I
	 1 Nov.-end March
K
	
1 Nov. -end March
Overnight Cover
MWs	 TRs
-	 continuous
standby	 standby
standby	 standby
continuous continuous
continuous both
standby	 standby
continuous standby
continuous both
continuous standby
both	 standby
Manning of
salters
double
double
single
single
single
single
double
single
single
double
its vaguest. It is obvious that the meteorology of ice formation and
snowfall is far from understood as discussed in Chapter 1. This is the
biggest weakness in the winter maintenance procedure. Until the
Department of Transport install, road surface temperature sensors for each
agent authority the salting decision will remain a mysterious and in-
efficient piece of management. These sections of the code of practice
need to be rewritten.
Recommendation 7 relates to the contracts between agent authorities
anti thA Mtenro1rataj Off i(!e. Nnt 1l icient aithorjtje t1c th
Road Danger Warning service offered by the Meteorological Office.
Hornigold (1970) produced a map of the various reasons for activating
salting in the counties as shown in Figure 2.3. The main reasons why
the Road Danger Warning service is under used is that the warnings are
based purely on air temperatures and they are not local enough for
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REASONS
FOR ACTIVATING
GRITTING
UNITS
(after Uornigold1970)
Met. Office warning
JJ Engineers decision
Daify practice to grit
ij Actual freezing!
, r :::: snowing condtt.ions
FIGUIE 2.3
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'geographical idiosyncracies' to be taken into account as discussed
elsewhere in this thesis. The Scrutiny states:
'We recommend that divisional surveyors be encouraged to develop
district personal contacts with regional weather offices and that those
agent authorities who do not now take Meteorological Office verbal
weather appreciations do so.' (Section 8.10)
At present most Road Danger Warnings are issued by telex which
saves the local weather centres time and money. A personal phone call
to each authority is time consuming. The London Weather Centre for
instance issues .arnings to more than 60 local as well as county
authorities. The county authorities will have to be given a special
service if verbal contact is to be maintained. This will be more
expensive than the current annual fee for Road Danger Warnings of about
£200.
Recommendation 8 suggests that each year after the maintenance
season is over the agent authority should discuss the occasions when the
weather forecast was inadequate
'The decision to salt is never going to be perfectly judged. Some
salting will prove to have been unnecessary while a decision not to salt
may be followed by freezing, and an emergency call-out. Each county
siirvevnr hii1i have a record of such cases for annual discussion with
the Department of Transport.' (Section 8.11)
This is wishful thinking If road surface conditions are not
monitored, the many occasions when salting was carried out unnecessarily
will not be detected. Only obvious occasions like heavy snowfalls will
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be remembered, or if there was a series of accidents due to icy roads.
This is yet another reason for the monitoring of road surface conditions.
Section 8.12 of the Scrutiny estimates that a 10% reduction in salt
use would save £200,000 per annum. This reduction will be hard to
quantify unless some index of winter severity can be devised. Perhaps
the index suggested by Hulme (1982) discussed in the previous chapter
could be used. Unfortunately it is based on air temperature rather
than road temperature, but it could be adapted if road surface temper-
tures are measured.
The other recommendations are not directly concerned with Road
Danger Warnings and hence will not be discussed here. Overall, the
Scrutiny is comprehensive in its coverage though it has yet to be shown
that any of the recommendations here had any impact, or that the reaction
of agent authorities has been positive. An initial response from Warwickshire
(personal communication) is that they will continue much as before.
Although Warwickshire was not one of the expensive authorities in the
survey they claim that a spreading rate of 10 g/m 2 is too little, and
that they have found that precautionary salting of that magnitude some-
times has to be repeated in the early hours of the morning as the salt
has been splashed, blown or removed from the surface by traffic. They
are also very conscious of the possibility of legal action if there is
it - ... i.4-aA 4r, rri. 'Phrcfore. they are always qoinq
to be over cautious. With the measurement of road suf ace temperature
this nagging fear could be eliminated.
This long discussion of the Raynor Scrutiny has been very useful.
Had the Scrutiny notbeenwritten, or had the Dept. of Transport not had it
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commisioned, the same ground would have had to be covered to show
how important Road Danger Warnings are to winter maintenance.
2.3 Road Danger Warnings and Winter Maintenance on Motorway
It has already been stated that the overall cost of winter main-
tenance for motorways and trunk roads is on average about eleven million
pounds. The cost of Road Danger Warnings on average is about £170 per
annum per authority. There are 60 agent authorities and therefore the
total amount of money charged by the Meterological Office for motorways
is the tiny sum of around £10,000. This represents 0.1% of the winter
maintenance budget I It is no wonder that there is a general dissatis-
faction with the Road Danger warnings for specific areas. The Metero-
logical Office are not going to spend much time or money to localise
the service. During the winter of 1982/83 102 Road Danger Warnings were
issued by Elmdon Weather Centre to Hereford and Worcester County Council,
which represents a warning approximately 2 out of every 3 nights during
the winter period.
Current Road Danger Warnings are over cautious, as will be shown in
Chapter 7 when forecast minimum road surface temperatures for the MS
motorway are compared with actual observations. What is the main cause
of error? A full discussion of this problem is given in (Thornes and
Blackmore 1977; Thornes, Wood and Blackmore 1977 and Blackmore 1983),
but briefly Road Danger Warnings are based on forecast minimum air
temperatures which can be very different from actual minimum road surface
temperatures. This thesis presents a new forecasting technique which
uses actually observed road surface temperatures. The Meteorological
Office cannot afford to measure road surface temperatures in view of the
small amount of income they receive from the sale of Road Danger Warnings.
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Hence it is up to the Department of Transport to pay for the installation
of sensors. The economics will be discussed in Chapter 8, and the
new method of forecasting road surface temperatures up to 24 hours
ahead is outlined in the next chapter.
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CHAPTER 3 MODELLING THE ATMOSPHERIC BOUNDARY LAYER ABOVE A MOTORWAY
3.1 Introduction
The task of improving the forecast of ice formation on motorways
is beset with difficulties. Current Road Danger warnings issued by
local weather centres are simple to produce in that they are merely
subjective extentions of the minimum air temperature forecast. They
take the forecaster perhaps a few minutes to produce and, of course,
because the forecasts are unverifiable they do not cause much worry to
the duty forecaster. Any system put forward to improve this forecast
is unlikely to be accepted if it requires considerably more effort on
the part of the forecaster, even if it can be shown to be more accurate.
What is needed is a very simple and quick forecasting model that allows
the forecaster to experiment with ideas. Microcomputers are the ideal
vehicle for such a scheme but it is immediately apparent that local
weather centres do not yet have the microcomputmrs to run programs which
are both sophisticated and user friendly, in real time. The model to
be outlined in this chapter is meant to be microcomputer based and the
implications of such a development for weather centre staffing is
discussed in Chapter 8.
3.1.1. Introduction to Planetary Boundary Layer Models (PBL)
AUU.wiju i33 yiv an	 LeVieW UL L.ne flLStO 0±
dynamic boundary layer modelling but concludes:
'small scale flows modellingthe PBL present particulary formidable
problems of both physics and computing. The solution of these problems
will continue to be a major priority of international meteorology
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throughout the 1980's.' Atkinson (1983) is concerned primarily with
mesoscale airflow models which he distinguishes from chiefly one-dimensional
models concerned with the vertical variations in the PBL. Traffic on
a motorway presents an extreme complication to small-scale flows!
Very few of the mesoscale models are concerned with the prediction of
surface temperatures, and the only work Atkinson (1983) references with
regard to surface temperatures is that of Deardorff (1978). Deardorff
compared several one-dimensional models for predicting ground; surface
temperatures and found that the methods proposed by Bhumralkar (1975)
and Blackado.r (1976) were the most efficient. However both these
approaches are primarily concerned with the accurate modelling of heat
exchange within the ground, and contain several simplifying assumptions
concerning net radiation, heat exchange with the air and evaporation,
that render them impractical for operational forecasting development.
Landsberg (1981) distinguishes between 'static' models and 'dynamic'
models when considering approaches to the simulation of the urban heat
island. Static models are the simplest type of heat balance models,
and are sometimes called zero-dimensional (Schneider and Dickinson
1974).
Mc8ean et.al . (1979) have divided PBL models into the following two
categories:
(a) research models for studies in atmospheric turbulence and the
structure and physics of the Planetary Boundary Layer
th) Operational models for various applications.
They continue:
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'The basic difference in approach between the two kinds of models can
be illustrated by the following table showing the CPU-time needed for
running a 24 hour forecast of PBL-simulation with different numerical
PBL models:
(a) Deardorff's model (1974)
350h/24h forecast3-d model, 64,000 gridpoints
t = 6 seconds, CDC-7600
(b) Pielke's sea breeze model (1973)
No "physics" 3-d cDC-6600
<c) Tapp and White's sea breeze model (1976)
3-d No "physics" IBM 260/195
(d) Long and Shaffer's model (1975)
2-d "All physics" IBM 360/195
Ce) One-dimensional models (Yu, Yamandarand
Mellor, Bodin etc.)
"All physics" IBM 360/195'
6hJ24h forecast
52m/24h forecast
lOm- I Sm/24h forecast
"4m/24h forecast
McBean et.al. (1979) state that for operational purposes only model Cd)
and the models mentioned in (e) are suitable for operational forecasting
simply because of the run time involved. In reality if 'scenario'
forecasting is required, i.e. the running of a model several
times to test out different boundary conditions, then only zero or one
-	 •1	
___	
---4%1-.-	 ..I,..,, 4.I.	 ..L.....,
S - S	 .ag -
	
.1
speed of a microcomputer is compared to that of an IBM 360.
A motorway environment is far from a perfect meteorological site.
apart from the effect of the artificial structure of the motorway on the
boundary layer, there is the effect of traffic to be considered. Very
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little work has been done to include traffic in energy balance models
and like advection it is ignored in one-dimensional modelling, but as
McBean et.al . (1979) state:
'In many applications we meet situations that are far from the idealized
conditions of the laboratory and simplified theories, but many of these
processes might still be incorporated if we make use of approximate
numerical models' (p81).
Hunt and Simpson (1982) review research into boundary layer theory
for non-homogenous terrain. They state at the beginning of their review:
'One of the main limitations of the discussion here is the inadequate
treatment of the synthetic effects of two or more surface disturbances
occurring s.multaneously, e.g. changes of roughness and temperature, or
roughness and elevation, which can be quite dramatic.' (p270)
A motorway presents several changes simultaneously to the wind as
it approaches; differing surface temperatures and wethess, traffic
moving at up to 70 miles per hour in opposite directions, and varying
heights of obstruction. Such an environment can never be modelled
completely - to do so one would have to forecast traffic flows as well!
Hence we have to simplify as best we can, and use a model that is easy
to adapt and quick to run on a microcomputer. The worth of the model
will be tested by comparing predictions with observed road surface
temperatures. For these reasons the static, zero-dimensional model
proposed by Outcalt (1971) has been adapted for the purposes of this
thesis.
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3.2 The Boundary Layer Over a Motorway
The atmosphere is rarely at rest, and as the air moves in response
to pressure gradients, the molecules near the surface interact with this
surface and are impeded in their horizontal movement. Although air
molecules are separate entities, for modelling purposes the air is usually
considered to behave as a fluid. In real. fluids molecules constantly
link and break of f from adjoining molecules so that there is physical
linkage between molecules. Strictly speaking in air this is not the
case. Thus air molecules hitting the surface of the earth should not
exert a direct physical influence on molecules several metres above them.
However it has been observed empirically that the wind speed above a
surface increases logarithmically with height in neutralstability, thus
apparently the air molecules do interact in some way up to a height of
tens of metres. If we consider an infinite flat smooth plain it is only
the air molecules within a few centimetres of the ground that are likely
to collide with the ground if the flow of air is smooth. Some molecules
near the surface will collide and stick to the surface, others will bounce
of f back in the direction in which they came and collide with air
molecules moving.in the direction of the wind, thus causing what is
cal-Led turbulent sheer. The boundary layer is the layer in which this
turbulent sheer has an effect, and the height of the layer depends upon
the speed of the wind and the roughness of the surface. All surfaces
are rough of course in relation to the size of air molecules.
The hypothesized boundary layers for a motorway with traffic differ
aocording to whether the traffic is moving at right angles to the wind,
or parallel to it. Also the boundary layer is complicated ;by the fact ttat
the traffic is moving in different directions in the two carriageways.
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The overall effect of the traffic however is not such that it dominates
the wind. Rao et.al. (1979) have shown that the wind is normally only
accelerated or decelerated in the lowest eight metres of the atmosphere.
In winter, assuming neutral lapse conditions, the height of the
mechanical boundary is probably no more than 20-30 m above a motorway
depending upon the wind speed. The thermal temperature gradient will be
very small over this height, with the dry adiabatic lapse rate (DALR)
of 1°C per 100 m, the temperature at 30 m will only be about 0.3°C
different from the temperature at screen height (1 m). The heat
exchange between the surface and the air will mostly be a result of
mechanical turbulence in winter and thermal convection isrvery small.
3.3 One-Dimensional Modelling of the Boundary Layer Over a Motorway
For rough surfaces (which a trafficked motorway undoubtably is) in
neutral conditions, the wind speed Cu) can be described as a function of
height Z:
	
1 r	 Z-d
	
u =— (—)	 ln(	 ) whereZ>Hr>Zo+d	 (3.1)
	k p	 Zo
where k = von Karmen constant (the value of which is in dispute as will
be discussed later)
T = shear stress (the flux of horizontal momentum transferied
"'-'-4e1lv ar.d absorbed by the ground due to molecular collision,
considered a constant)
p = air density (considered a constant near ground)
d = zero plane displacement
30 = roughness length
Hr height of roughness (e.g. vehicle height)
u*	 Z-d
ug- ln(_Zo (3.2)
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The ratio (!.) is known as the friction velocity u,, which represents a
characteristic eddy velocity in a turbulent boundary layer. The zero
plane displacement is the effective height at which the wind speed becomes
zero, which fora growing crop, a forest or a line of stationary carscan
be well above the surface. Oke (1978) states that 'In practice for a wide
range of crops and trees the value of d is approximately given by:
d = 2/3 h' (p98) where 'h' 	 is the height of a crop or forest. For
moving vehicles it is difficult to imagine a zero plane displacement,
but for stationary vehicles the height would be of the order of a metre
or so. The roughness length of a motorway with traffic is also difficult
to envisage, but obviously the mixing effect of traffic implies a
boundary layer deeper than for an untrafficked road. Therefore a value
of Zo greater than one for an untrafficked road is required. Equation
(3.1) can be rewritten:
The mechanical mixing caused by the roughness of the surface can be
related to the thermal mixing caused by temperature differences between
the top and bottom of the boundary layer, using Richardson's number.
Thermal buoyancy is broken up by mechanical turbulence.
Ri = g<-) /Ta()2	 (3.3)
e	 '-
where g = is the acceleration due to gravity;
Ta = average temperature of the air layer considered.
Near the ground, Ri may be calculated for the first few metres using
the temperature gradient TJz rather than aO/az, especially in winter
(3.5)
(3.6)
(3.7)
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when the two are not very different. By convention Ri is positive in
inversion profiles and negative in lapse conditions, being zero during
neutral conditions. The range of Ri for which the wind profile equation
is applicable is quite small:
-0.01 < Ri < 0.01
fortunately in winter Ri is only outside this range for short periods.
To model the fluxes of sensible heat and water vapour, further
assumptions have to be made. Momentum is transferred downwards to the
earth's surface as the wind passes over it. An exchange coefficient Km
has been defined for the surface layer (Figure 3.1) as:
Km = ) 4 4 1 and has the units in2 sec'	 (3.4)
Similarly exchange coefficients for the flux of sensible heat (H) and
water vapour (E) have been defined as KR and XV (See Rosenberg J974)
Therefore t = pxm	 (momentum)
aT
H = PCPKH 1- (heat)
E = coflSt.*pKi,
The Reynolds analogy approach assumes that these exchange coeff i-
cients are identical in neutral conditions, so that if one is calculated
flip
 nthar	 so known. In as far as momentum and heat are trans-
ferred by the movement of molecules this is a reasonable assumption in
a moist atmosphere of air and water molecules. However, how can the
value of Km be determined in non neutral conditions, and how does stability
affect its relationship with KR and XV?
z1500
dl
L
ii 1000
500
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Seporation of PBL Into surface Layer and Ekman
Layer showing typicaL KM profile.
FIGURE 3.1
3u - u* * 1
az kz z (3.8)
u u*
-=-
z kz (3.9)
L = P u*3 TA
Kg H
(3.10)
= K2 *Z2 *lnn 2 i
aa
(3.11)
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3.3.1 Flux Profiles in a Non Neutral Boundary Layer
If equation (3.2) is differentiated, the wind profile for neutral
conditions becomes:
Monin and Obukov (1954) modified this basic equation for use in all
stability conditions:
where 4rni is a function of Z/L (see Dyer 1974) and L is the Obukhov scale
.ength given by:
Km can be related to $zn by squaring equation (3.9) and substituting into
equation (3.5):
There have been many attempts to relate Ri to $m in the literature, most
are in the form:
= (1 + b Rj)h/fl	 (3.12)
Table 3.1 gives the most commonly used values for b and n. The variety
of values for these constants is bewildering, but presumably each is
appropriate to a given site where the empirical data was collected. In
winter because the value of Ri rarely varies outside the range -0.1(RiKO.O1,
the correction factor is usually small.
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Table 3.1
Values of b and 1/n for Stability Cqrrection
b	 1/n
10	 1/2 Oke (1970)
16	 1/3 Pruit, Morgan & Laurence (1973)
18	 1/4 Panofsky et. al. (1960)
14-24	 1/4 Sellers (1965)
36	 1 1/2 Outcalt (1972)
The assumption that Ky and KH are equal to KM has been tested
extensively. Generally it has been found that KV/KM and KH/KM is '\. 1.0 -3.
1.3 in nearly neutral conditions and 0.7 + 0.8 in strongly stable con-
ditions. Values can approach 2.0 + 2.5 in strongly unstable conditions.
For modelling purposes however in winter it can be assumed that the co-
efficients are sufficiently equal. The choice of correction factor is
one of trial and error, although the expressions yield very similar
results for values of IRiI<0.1.
3.3.2 Operational Forecasting
For moia11h-	 rca:. ..v....	 dimensional model requires
boundary conditions that are often difficult to provide. For instance,
accurate measurements of lapse rates of moisture and air temperature
are just not possible over a motorway. Measurements at one height often
have to be used and certain reasonable assumptions made. Even if
measurements at two heights can be made, this is not fully satisfactory
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as in winter many of the differences for instance in temperature between
say 2 m and 10 m, are so small as to be outside the accuracy and detection
of the instrument used. Measurements at the top of the atmospheric
boundary layer are impossible as the boundary layer height changes daily.
Various simplifications have been suggested and these will now be examined
for a road surface.
3.4 Modelling the Energy Balance of a Road-Air Column
The model presented in this thesis for the prediction of road
surface temperatures has been adapted from the Fortran model published
by Outcalt in 1971. Bis digital model relied heavily upon the analogue
model published by Myrup in 1969. Myrup's model was presented primarily
for the examination of urban heat islands, Outcalt has broadened and
developed his model for a wide variety of purposes including the exam-
ination of the energy balance of ice. Various similar models based on
Myrup have emerged in North 'america, for example Miller et.al . (1972),
but in Britain very little evidence of heat balance modelling following
Myrup, other than for teaching purposes, has emerged (e.g. Unwin 1981).
Blackmore (1983) presented some alterations to Outcalt's model for the
prediction of road surface temperature. This thesis builds on these
alterations, applying the model specifically for operationalpurposes.
Outcalt's model is attractive because it is simple to use and
requires little computing time to produc a 24 hour surface temperature
prediction. For instance the model took only seconds to run on the
now replaced IBM-360 at Birmingham University. Despite the considerable
alterations to the model presented in this thesis, to make it cperational
for the pEoduction of Road Danger Warnings, the mode], still only takes
minutes to run on a Southwest B-80 based microcomputer.
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Miller, Johnston and Lowry (1972) have criticised Outcalt's model,
and Myrup's original (1969) analogue model, presenting their own model
instead. However they admit that most of their criticisms are aimed
at Myrup and Outcalt has overcome most of these. Indeed far as the
heat flux in the ground is concerned they state (p77):
'....in all three models the heat flux into and out of the soil heat
resvoir is the only link between time steps. Outcalt elaborates this
connection in an attempt to simulate the "asymmetry produced by thermal
lag" so often observed. The results from the Myrup and Outcalt models
are slightly more realistic than ours.'
They conclude (p82):
heat balance models such as these discussed here are more useful
..in assessing practical diagnostic questions than might at first be
supposed.'
The test of any such model be itphysicallybased or statistically
based, or a mixture of both, is found in how well it simulates reality.
The test of the modified form of Outcãlt's model is presented in the next
four chapters of this thesis.
3.4.1 Outcalt's 1971 Model
i-r',i11-' mr1 4.	 eeij nn A imn1p heat balance ea-uation at the
surface:
± RN ± LE ± H ± S = 0
	
(3.13)
Where RN = net radiation flux
LE = latent heat flux
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a = sensible heat flux
S = soil heat flux
At any moment in time this equation must balance, and as each term
is a function of surface temperature, there is one, and only one, surface
temperature that will balance the equation. This is called the equili-
brium surface temperature. Outcalt expanded the terms in equation (3.13)
as follows:
(i) RN = (1 - a) (Q + q) + s 5 a TSk - £ To'	 (3.14)
Where	 a = surface albedo
Q = beam solar radiation
q = diffuse solar radiation
= effective emmisivity of sky (assumed to be unity)
= Stef an Boltzman constant
Tsky = sky temperature (assumed constant when overcast or no cloud)
To = surface temperature
= emissivity of surface
(ii) H=RCK(T2+Z2-To	 (3.15)
R = stability correction factor
Where C = heat capacity of the air
K adiabatic estimate of the turbulent transfer coefficient
(K2 U2 p)/tln Z2/Zo] 2 (Myrup 1969)
k = von Karmen's 'constant
U1 = wind speed at air thermal damping depth height 72
p = air density
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Zo = roughness length
Z2 = height of air thermal damping depth
To = temperature at Z2
= dry adiabatic lapse rate
To = surface temperature
(3.16)(iii) LE = RLK [q2 - qo]
Where L = latent heat of evaporation
q2 = absolute humidity at Z2
qo = surface wetness (a function of To)
(iv) S = Ks/(ZsJ2) ITh - To] (3.17)
Where	 Ks = thermal conductivity of soil
Zs = thermal damping depth of soil
Th = temperature depth Zs/2 in soil
To = surface temperature
Th (I) = Th (I-i) + [d(Ts - 2Th(I-1) + To(I-1)/(Z2/2)'J tt
Where	 I. = t, thfa time increment considered
d = thermal diffusivity
Ts = temperature depth Zs
With the assumptions that the sky temperature (i.e. cloud) does
not change over the period considered;, that the surface em.Ssivity is
constant and unity;. that the surface athedo and fadiatiot budget can
be measured; that the temperature at the two boundary levels Ps and P2
can be estimated (Outcalt also made them equal); and that the surface
can be determined wet or dry (or a fraction 0 + 1), the equations can
be solved for To by iterative substitution.
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Each of these terms in the heat balance equation will now be dis-
cussed in the light of both changes made to the original model and the
justification of assumptions for a motorway surface.
3.4.2 The Heat Balance Model for Predicting Road Surface Temperatures
For the purpose of producing forecasts of road surface temperatures
we have to alter the heat balance equation such that it is applicable in
winter conditions for all weather situations. Thus the effect of cloud
and precipitation .has to be examined as well as the likely influence of
advect ion. Each term of the heat balance equation will be examined in
detail.
3.5 Net Radiation
3.5.1 Solar Radiation
The daily inputof solar radiation is the driving force of the heat
balance model. Wood. (1978) has examined in detail the estimation of solar
radiation. using Outcalt's model, and has suggested several improvements
to include the effect of cloud. Wood (1978) has shown that Outcalt's
model contained important errors in his calculations of the diffuse and
backscattering radiation. Basically, as a first approximation, the
amount of scattering and absorption in the atmosphere depends on the
amount of dust and water vapour in the atmosphere. Outcalt's model
n order to save time and space Fortran notation will be used in the rest
of this chapter where appropriate. This assumes of course that the phase
relationships in the heat balance model can be formulated as a set of
finite difference equations capable of solution by Computer using iterative
substitution as explained in Chapter 5.
- 79 -
incorrectly increases the amount of total solar radiation arriving at
the surface when the aunt of dust is increased. In Fortran notation
lines 189-191 in his model should be replaced by (correction 1):
ABSO = _0.174*(UW*XM)J20.)**0.6)	 (3.18)
SCAT = _0.083*((D*xM)**0.9)_0.089*(XXM)**0.75) 	 (3.19)
assuming standard atmospheric pressure
Where W = precipitable water in cms
XM = path length through atmosphere
D = dust factor - particles per cc
This now correctly relates absorption to the amount of water vapour
present, and scattering to the amount of dust and path length (i.e.
number of air molecules encountered).
The amount of dust present in the atmosphere obviously varies, but
for a rural motorway it can be considered to be a constant of 0.5
particles/cc. (Alteration 1). The precipitable water (cm) has been
calculated empirically for southern England by Smith (personal coinmuni-
cation) to be (Alteration 2):
w = 1.5V + 0.6
	 (3.20)
Where V = vapour pressure in mb.
The albedo of the surface (a) is considered by Outcalt to be a
constant. Wood (1978) has shown that the empirical power law suggested
by Geiger (1965) is more appropriate as the albedo obviously cLanges
with solar angle: (Alteration 3)
- 80 -
Albedo = 0.1 + 0.131 Z4
	
(3.21)
Wkere Z is the sun's zenith angle at any particular time.
When Z = 90° (ir/2 radians) i.e. at sunrise and sunset, the albedo equals
"u 0.9 and when the sun is at its zenith in winter, z = 770 and a " 0.5.
When the surface is wet it can be argued that the albedo should be
increased, but until experiments on a motorway have been carried out it
is not clear by how much. Hence the albedo is considered the same for
a wet and dry road. Figure 3.2 relates equation 3.21 to Geiger (1965, p. 17).
3.5.2 The Effect of Cloud
Any operational model must include the effect of cloud if it is to
be of any use in Britain. Outcalt's model does not include a cloud
factor. Wood (1978) has introduced two factors to reduce the solar
beam in the presence of cloud. The first considers the cloud top albedo
(ALBED) which directly affects the beam radiation, and the second (DPLUS)
increases the diffuse radiation for broken medium cloud due to reflection
from the cloud sides.
ALBED varies from eco for a cloudless sky to unity for an overcast
sky and is used in the equation to calculate the total direct solar
radiation reaching the surface (BEAM)
BEAM = (1 - ALBED)*EXT*e	 + SCAT)	 (3.22)
(Alteration 4)
Where EXT = extraterrestial radiation arriving at the outer edge of the
atmosphere
ABSD = given by equation (B.18)
SCAT given by equation (3.19)
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DPLUS varies between 0.5 for a cloudless sky and 1.3 for 5/8 to 6/8
cover of cumiliform clouds. The amount of diffuse radiation arriving
at the surface is given by (Alteration 5):
DIFF = DPLUS*EXT* (1 - eS T )
	
(3.23)
The values of DPLUS and MBED for differing cloud amounts and types are
given in Table 3.2 taken from Wood (1978).
This table assumes that forecast values of cloud cover will not be
accurate to one okta or one cloud type. Hence groups of cloud types and
amounts have been used. The table has therefore, to be used with due
caution particularly when there is more than one cloud layer present.
Wood (1978) found a good agreement between the modelled and actual
values using' measurements of cloud amount and type, and direct and
diffuse solar radiation, taken at the London Weather Centre.
3.5.3 Outgoing Terrestial Radiation
Just as incoming solar beam is impaired by cloud, so the cloud
reduces effective long wave radiation loss by the surface. A factor
KCLOUD which was used by Thornes (1972) has been adapted such that the
net tadiation RN is given by:
RN = (1 - ALBEDO) * SUN - pTQ* KCLOUD	 (3.24)
(Alteration 6)
ere	 RN = net radiation
MJBEDO = surface albedo as given in equation (3.21)
SUN = total solar radiation arriving at the surface
SUN = BEAM + DIFFUSE + BACKSCATTERING
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Beam is given by equation (3.22)
Diffuse is given by equation (3.23)
BACKSKT = 0.5 *	 * (BEAM + DIFF) * (1 - exp(SCAT)) 	 (3.25)
RNLONG = effective outgoing long wave radiation
The calculation of BNLONG has been changed from Outcalt's use of
the sky temperature (which is difficult to measure), to a form of
Angstrómsequation, as used in Thornes (1972):
RNLONG = Io+ - If = 1+
= to To4 - (a TA4(0.82 - 0.25 x (i0-0.094e))) 	 (3.26)
(Alteration 7)
Where	 1+ = the effective outgoing terrestial radiation
10+ = the total terrestial radiation emitted by the surface
If = the return long wave radiation from the air
(Alteration 8) c emissivity of the motorway surface (taken to be 0.95)
To surface temperature
a = Stefans constant
TA = air temperature at 2 m
e = vapour pressure (mb) at 2m
Angstr6nfs original equation for effective outgoing radiation was
based on screen air temperature measurements exclusively. Equation
a	 aid-nd to use actual surface temperatures as well, as
the air temperature measured at 2 metres. The effect of cloud is
modelled by multiplying RNLONG by a cloud factor XCLOUD. Table 3.3
gives the XCLOUD values used for differing cloud types.
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Such empirical fornulae as given in equations (3.24) and (3.26)
must be treated with caution, for as Monteith (1975) states:
'For prediction, they are most accurate under average conditions, e.g.
when the air temperature does not increase or decrease rapidly with
height near the surface and when the air is not unusually dry or humid.'
(p.37)
In winter in Britain the weather conditions can be assumed to be within
this average group.
3.6 The Sensible Heat Flux
The exchange of heat between the surface and the air (H) as given
by Outcalt (equation (3.15)) can be expanded to give the following
expression for H, including the stability correction factor called RIFIX:
H	 (k2 PUZ) *	 (1 - 18 Ri)"4 * cp * (TAg + ZA - To) (3.27)ZA(In
in Fortran H = EXCO * RIFIX * AIRCAP * (TA + DRYADB * ZA - To)
Where EXCO = .exchange coefficient
RIFIX = the stability correction factor
cp = specific heat of air at constant pressure
TA = air temperature at boundary layer top (Z2)
V-	 T.
To = surface temperature
k = von Karmen's constant
p = air density
= wind speed at boundary layer top (Z1)
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Zo = roughness length
Ri = Richardson's number
The only factors that we can be confident in assigning a value to
are p and Cp which have the values p = 0.001 g/cm 3 and Cp = 0.25 cal/g/
deg.. All the other terms have to be justified in terms of the assumptions
made for a motorway surface. Von Karmen's so called constant is the
subject of current debate as to whether its value is 0.4 or 0.35 (Table
3.4). As H is in direct proportion to k 2 the difference is significant
as (Q•35)2 = 0.1225 and (0.4) 2 = 0.16. Hence a value of k of 0.4 gives
0.16 - 0.1225
approximately	 0.1225	 x 100) 30% more H than a value of 0.35.
Table 3.4 Von Karmen's Constant as Proposed in the Literature
Monteith
Rosenburg
Sellers
Oke
Outcalt
Budyko
Businger et.al.
Nystem
k
1975	 0.41
1974	 0.4
1965	 0.4
1978	 0.4
1971	 0.4
1974	 0.38 - 0.4
1971	 0.35
1980	 0.35
Businqer et.al. (V)71% h*u	 'wn that vlia or jc u35 suited
their observations better than a value of 0.4. Also they suggest that
the assumption that KM = KB is not valid. They suggest, from extensive
observations, that KB = 1.35 KM. Thus the exchange coefficient in
equation (3.27) would have to be multiplied by 1.35. It is no surprise
to find that (0.35) x 1.35 Pj (0.4) 2 . Hence previous assumptions of
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k = 0.4 and 1(11 = KM give the same results. In this analysis k is left
at 0.4 and KM is assumed to equal KR and K y, although if future evidence
confirms that k = 0.35 and that KR = 1.35 EN then the model can be
adjusted without any difference to the results.
U is the wind speed at the top of the boundary layer of height
Z. In view of the fact that this height is likely to vary day by day a
height of 20 m has been chosen to simplify the analysis. Wind was
measured at 2 m on the M4 site and hence the wind speed at 20 m has been
calculated from the expression:
* in (20/0.15)U20 = U2
	 in (2/0.15)	 1.89 U2 (3.28)
where 0.15 is the assumed roughness length (Zo) of the motorway. Two
assumptions have to be explained here, firstly the choice of 20 m for
the boundary layer height and secondly the choice of Zo = 0.15 m =
15 cm for the roughness length.
Outcalt (1971) introduced the idea of an atmospheric damping depth
that corresponds to the height at which the thermal diffusivity,
which increases with height, becomes greater than the bulk adiabatic
diffusivity which decreases with height:
i.e. where	 > k2 Uz un (Z2 /Zo)	 (3.29)
aii. aam.tts that this is a crude approximation but justifies its use
in that it takes into account the wind speed and surface roughness to
give a damping height of between 10-25 in for a wind velocity of 1 rn/sec.,
as roughness is increased from 2 cm + 500 cm. In practice, there is a
problem with this concept as the damping depth is a function of the
windspeed. In other words, if the wind is measured at a particular height
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how can the wind at the damping depth be estimated if UZ is not known?
Catch-22! Hence a level has to be chosen so that U 2 and then the
damping depth can be calculated . Myrup (1969) used a constant level
of 300 in which is much too high for winter conditions. Hence a level
of 20 m has been chosen for the estimation of U 20 from U2 , and this gives
damping depth heights of between 11. in and 30 m for windspeeds 1 + 10 as
shown in Figure 3.3.
A roughness length of 15 cm (Alteration 10) has been chosen to give
a sufficient damping depth for a trafficked motorway. Other estimates
of Zo for roads have assumed that there is no traffic. Table 3.5 gives
some typical values from the literature.
Table 3.5 Value of Roughness Length Zo from the Literature for Roads
Zo cm
Nysteni	 1980	 0.5
Greene	 1980	 6.0
If the wind is blowing down a traffic free motorway a roughness
length of less than a centimetre might be considered. However the
continuous presence of traffic suggests that a value more appropriate
to an urban environment should be used. Iattau. (1969) suggested an
approximation of Zo as a function of the average height of obstructions
= t	 £CtQ. uxe i7b) gives typical values between
5 cm and 70 cm for urban areas outside the central business district.
A value of 15 cm therefore seems appropriate for a motorway (Thornes
1983a).
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It could be argued that a different value of Zo should be used
according to wind direction - but further experimentation is required.
Basically, the greater the value of Zo used the greater the value of H
calculated.
The next expression in equation (3.27) to be explained, is the
stability correction factor RIFIX. Outcalt uses the expression RIFIX =
(1-32 RI) such that if R.i is negative (i.e. unstable condition) the
expression RIFIX is greater than unity and H is increased. Conversly,
if Ri is positive (i.e. stable condition) RIFIX is less than unity and
H is reduced. As shown earlier this correction factor is usually
written in the form:
= (Ii + b RiI) l 'n 	 (equation 3.12)
Greene (1980) in modifying Outcalt's model used the expression RIFIX =
(1 - 18 Ri)"4 , and many other values have been proposed as discussed
earlier and shown in Table 3.1. Outcalt (1971) justified the value for
b of -32 as follows:
'n limited tests the value of (-32) most suitably simulated the field
data as it lowered the equilibrium surface temperature during extreme
lapse conditions and raised the night minimum temperature.' (p382)
Table 3.6 Typical Values of Richardson' s Number in Winter
Xf Ri = 0.01 then (1-32 pj) l /2
 = 0.824
and (1-18 Ri)' = 0.95
If Ri 
-0.01 then. (1-32 P4)'/2 = 1js
and (1-18 Ri) 1/
 = 1.04
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Outcalt does not state with what he is comparing his value as it is well
outside the range of values quoted by other authors. The expression
used by Greene has therefore been adopted: RIFIX = ( l i-lB Ru)1"4
(Alteration 11) which is the expression used by Panofsky et.al . (1960)
and is thus within the range given by Sellers (1965). In winter, of
course, the values of RIFIX are close to unity as shown in Table 3.6.
In a more recent paper Dozier and Outcalt (1979) have replaced the
Richardson number correction to use the Businger-Dyer functions for
turbulent heat and water vapour transfer as described by Paulson (1970).
This approach makes very little difference in winter.
The final expression in the equation (3.27) relates the potential
air temperature to the surface temperature: (TAZ + ZA - To). This
determines the sign of the expression for H. If the ground To is warmer
than the air then H is negative and vice versa. TAZ the air temperature
at the boundary layer top Z2 is impossible to measure for the same
reason as for the wind speed. Outcalt used a constant air temperature
at this height to close his model, and assumed that TA = TH i.e. that
the temperature at the thermal damping in the ground is equal to the
temperature at TA. This assumes that the temperature will chan little
during 24 hours at height Z2. This is a reasonable assumption in winter
but because air temperature is measured normally at 2 m on motorway sites
it is necessary to use average air temperatures at 2 m instead of a
(Alteration 12) guessed value for TAz. The diffe;ence in temperature
between 2 m and 20 m (the height at which the wind speed was adjusted
to) is very small in neutral conditions, as the D.A.L.R. is 1°C per
100 m, so the temperature difference is only about 0.18°C which can be
ignored. Obviously, for real time forecasting purposes it would be
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simplest to be able to feed into the model a single constant value of
TA for the next 24 hours. More research needs to be carried out before
this is possible. In the absence of advection it might be possible to
calculate a value of TA that would correctly balance the heat balance
equation for the previous day, and carry that value forward.
If we feed in typical values for the calculation of Li we can see
the relative importance of each term.
Consider H = EXCO * RIFIX * AIRCAP * (TA-To)
If EXCO = 0.00321 (wind = 5.6 m/s)
RIFIX = 0.95
AIRc7tP	 0.24
TA -To 1.5°k
then H = 1.098 x io langleys sec 1 = 65.8 millilangleys min1
if TA - To = 3°k	 = 132.0 inillilangleys mint
Thus U is determined primarily by the temperature difference: (TA - To),
the difference between the road and air temperature.
3.7 The Latent Heat Flux
As a simplifying assumption, the motorway surface is considered
impervious and either wet or dry. Three rainfall types are -considered
that trigger the term SRHF, which equals zero if the road is dry and
iiM1-, if the road jq wnt. I is related to the latent heat flux as:	 -
LE = EXCO * RIFIX * LHEAT * QC	 * SRHF	 (3.30)
The model is adjusted (Alteration 13) so that if rain is forecast
for a particular time, SRHF can be set equal to unity at that time.
The rate at which the road dries out is of particular importance for ice
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prediction. The quantity of water that remains on a road surface after
rain is related to the type of road surface, the camber, the slope, the
amount of traffic and the rate of evaporation. For the purpose of this
study three rainfall rates have been defined: heavy, medium and light.
These are subjective amounts that roughly translate into continuous rain,
heavy showers and light showers. It is assumed that approximately 1 mm
of rain is stored on the road after heavy rain (a figure of 1.2 mm is
given by williamson 1969), 0.5 mm after medium precipitation and 0.25 mm
after light precipitation (Alteration 14). Neglecting traffic for the
moment the amount of heat required to evaporate 1 mm of water from 1 cm2
of road is:
Q = M x L = 0.1 x 509 = 59 calories
The latent heat flux is calculated every 20 minutes in the model
and hence if this term is summed, the time when the road dries out can
be calculated. This time is when LE x 20 m = 59 or when ELE =
3 cals 3,000 millilangleys. Therefore when the sum of LE reaches
3,000, SRHF is set at zero. For medium and light rain the thresholds
are 1,500 and 750 respectively. The effect of traffic obviously will
speed up the rate of drying via splashing, however the thresholds do
give easonable estimates as will be shown in the results section.
The only term in equation (3.30) not yet explained is QGRAD which
represents the specific humidity gradient:
= f.622 + SHNB(TA) * RHF - 0.622 x SHMB(ToI
	
(3.31)
1013	 1013
where SHMB = the saturated vapour pressure
and	 RHF = relative humidity traction.
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Effectively QGRAD is comparing the vapour pressure at 2 m where TA and
RHF are measured with the saturated vapour pressure over the wet surface
which has temperature To. Normally when evaporation is taking place
QGRAD is negative. If QGRAD is positive however dew is formed. If the
surface is wet and the surface temperature falls below zero centigrade
then the water is assumed to turn to ice, and the latent heat released
is used to offset the cooling of the road. The term LM has been
introduced such that:
LM = a(1 - ILE/RAIN)	 (Alteration 15)
where a = constant
RAIN = 3000, 1500 or 750 according to precipitation rate chosen
To estimate the constant "a" consider the amount of latent heat
released when 1 mm of water freezes:
Q = M X LFusion = 0.1 x 80 = 8 calories
This is released over several hours to both offset the cooling of the
road and the air. If half of this is considered to be given up to the
road and it takes 1 hour to freeze then the value of LII per minute
= 4000 67 millilangleys
Hence, as a first approximation "a" has been set equal to 70. A
1Li .r
	
hd not been included in
the model as we are interested primarily at this stage in ice formation.
If salt is spread on the motorway then LII is set equal to zero, hence
because of the large amounts of salt used on motorways LII is rarely used.
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The formation of hoar frost on the road is modelled in a similar
fashion to the formation of dew, only the latent heat of sublimation
rather than the latent heat of vapourisation is used such that:
I.E = EXCO * RIFIX * LHSUB * QGRAD	 (Alteration 16)
where QGRAD is positive and To < 0.0CC.
Hoar frost is not usually considered a serious hazard on motorways,
however when compacted by traffic it can turn to ice (Thornes 1973).
The actual quantity of hoar frost formed on roads has never to my
knowledge been examined quantitatively, and more research is required
to decided whether or not to salt the motorway if hoar frost is forecast
by the model.
3.8 The Road Heat Flux
The thermal damping depth in a road obviously depends upon the
materials of which it is composed. The M4 motorway where the instruments
were installed to test the model comprises a composite roadbase made up
of 80 mm dense bitumen macadam laid on 180 mm of lean concrete, 60 mm
of dense bitumen macadam basecourse, and a 40 mm thick rolled asphalt
wearing course with coated granite chippings as shown in Figure 3.4.
Table 3.7 shows the thermal properties of the concrete and bitumen
macadam used.
Outcalt (1971) assumed that the temperature at the damping depth
of the ground equalled the temperature of the damping depth in the
atmosphere. He made no attempt to measure temperatures at depth in the
ground. Consequently he had to run his model for 24 hours to set up
the temperature lags in the ground before he started to run the model for
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FU3URE 3.6
	 Comparison of sub-road structure with depths
used in heat fLux calculations
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iredictive purposes. This is time consuming and not very accurate if
the temperatures at depth have to be guessed. This was avoided on the
M4 as temperatures at 36 and 18 cm (Alteration 17) below the road were
measured. The temperature at 36 cm has been taken to be the temperature
half way between the surface and the damping depth at 72 cm.
This value of 72 cm for the damping depth is reasonable as it lies
between the damping depths for asphalt and concrete as shown in Table 3.7.
The values given in 3.7 are estimates from the literature and not measured
values. It is hoped in future to get actual values for the different
motorway layers. The thermal conductivity of the sub-base is assumed
to be the same for that of concrete. The heat fluxes for each layer are
then calculated and S is calculated from equation (3.33). The equation
for the heat fluxes in each layer are shown in the Fortran programme in
Ippendix 1. Basically the heat flow is described by the one-dimensional.
conduction equation such that at depth ZU:
= RD * (To - (2*Tu + TX) /ZU2)
where RD = thermal diffusivity
TX = temperature at depth (2 x ZU)
The heat flux is calculated as follows:
S = (RK * ZU) * (TU - To)
where RX = thermal conductivity
ZU = is the depth 4.5 cm as shown in Figure 3.4
= temperature at depth ZU
(3.32)
(3.33)
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3.9 Summary
Many assumptions have been incorporated into the heat balance model
proposed in this chapter. The only way to discover whether or not they
are justifiable is to test the model against observed road surface temp-
eratures. This is carried out retrospectively in the next three chapters.
Table 3.8 gives a summary of all the corrections and alterations to
Outcalt's original model.
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Table 3.8
Correction to Outcalt's Model
1. ABSD = -0.174 x (((W * XM)/20.)** 0.6)
2. SCAT -0.083 x ((D * yJ4)**Qg) - 0.089 *
Alteration to Outcalt's Model
1. D is constant = 0.5 particles/cc
2. Precip. water = 1.5V + 0.6
3. Albedo = 0.1 + 0.131 z4
4. ALBED defined
5. DPLUS defined
6. KCLOUD defined
7. RNLONG calculated using Angstrom's equation
8. Use of emissivity c = 0.95
9. UseofUZatZ=20m
10. Roughness length Zo = 15 cm for a road
11. RIFIX = (1 - 18 Ri)'
12. Using TA at 2 m instead of at 20 m or Z
13. Forecasting road to become wet at a particular time
14. Three rates of rainfall
15. Definition of LM
16. Formation of hoar frost on road 	 -
17. Use of actual temperatures at 18 and 36 cm
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CHAPTER 4 INSTRUMENTATION OF THE M4 MOWRWAY
4.1 Introduction
Hay and Young (1972) were the first in Britaia to propose that road
surface temperatures and wetness could be automatically measured, using
the then little developed idea of a microprocessor - modem link, to
transmit real time data to the Transport and Road Research Laboratory.
Much of the equipment for this project was purchased but at short notice
the direction of the research was changed from ice prediction to fog
prediction. The site on the M4 motory near Theale, 65 km west of
London, (Figure 4.1) was chosen because of its proximity to several
flooded gravel pits which it was thought could lead to localised fog
formation. This research was completed in 1978 (Jeffery and White 1981)
and the microprocessor modem link that had been used to collect the
fog data, became available again for ice prediction. However, the
equipment had to be extensively modified to cope with an array of new
instruments. The only instruments that were still useful were those
measuring wind speed and air temperature mounted on an 'X-mas' tree
(the white construction as shown in Figure 4.2) in a fenced compound
at the side of the motorway. Figures 4.2 also shows the dimensions of
the compound to the road's north. The sky view factor for the site has
not been calculated but is close to unity. 	 This has not been
ti 1, iu	 iui.iieiiiuy iiscussea n cnapters3 and 5.
4.2 Instrumentation
Although the microprocessor transmitted data back to the Transport
and Road Research Laboratory once an hour, the method of data storage
on paper tape meant that "real time" data analysis was not possible.
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FIGURE 4.2 The M4 Compound with 'xmas tree' of instruments
The compound was thought necessary by the Department of Transport
to prevent vandalism. It had minimal effect on the observations
made within it.
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Table 4.1 Instruments at the M4 Site
A. In the Road
(i) 2 thermistors just below the surface out of the wheel tracks
in the slow lane at 0.5 cm
2 thermistors at 18 cm
2 thermistors at 36 cm
(ii) A surface wetness meter
B. In the Slab
(i) 2 thermistors just below the surface at 0.5 cm
2 thermistors at 18 cm
2 thermistors at 36 cm
(ii) A surface wetness meter
C. On the X-mas Tree
1 resistance thermometer for air temperature at 2 m
1 wind speed (portan anenometer) at 2 m
NOTES:	 U) Net radiation was measured with a middleton net radiometer
but the results were found to be unreliable unless the
instrument was checked every day which was impossible.
(ii) A wet bulb resistance thermometer was not used as it gave
unreliable results.
!$fl Q4r1 Fh wini iirectjon indicator did not function
reliably.
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In reality it took up to a month to get the data back to London in a
usable form, as shown in Figure 4.3. Table 4.1 lists all the instru-
ments that were installed during the early winter of 1978. In order
to compare the temperature and wetness of an untrafficked and unsalted
road, with the motorway, a slab of identical structure to the motorway
was installed within the compound. The slab is 2 m x 2m and weighs
6 tonnes, being constructed of an 18 cm dense bituminous macadam layer
with granite chips (a typical B5594 wearing course) laid over 18 cm of
concrete. The slab was hoisted into the compound by crane and rested
on the surface (see Figure 4.11).
In order to installthe wetness meter and thermistors, the motorway
slow lane hal to be coned off, and three circular holes diamond drilled
into the carriageway U'igue 4. 4).. This procedure took a whole dLay Including cuttIflg
slots in the road to take the wiring back to a 'Plessey' box in the
compound. Underground calling then carried the signals to a microprocessor
based in a hut 500 metres away. The cabling involved was considerable
and it took a month and a half (including Christmas) to complete after
the initial instalation of the sensors.
4.2.1 Temperature
The air temperature was measured with a resistance thermometer
(double shielded by white metal plates) to an accuracy of ± 0.1°C.
The instrument was interrogated every 20 minutes. The "X-mas" tree is
sited approximately ten metres to the north of the motorway, and hence
wind direction determines whether or not the air temperatures recorded
are affected by the air first passing over the motorway. Table 4.2
confirms that this is so. Winds with a northerly component, such that
the air reaches the "X-mas" tree before the motorway, give a bigger
-1.0
1.5
0.5
0.1
1.0
1.6
-0.7
1.5
01-02F79
06-07F79
07-08F79
11-12F19
12-13F79
22-2 3F80
24-25F80
06-07M80
07-08M80
South West
South East
South
Soutn iast
South East
South
South East
South West
South West
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Table 4.2 Wind Direction and the Maximum Difference Between Road and
Air Temperature
Wind Direction v. Tm Road-Air when Road-Air max > 3°C
Max
TR_A
3.7
4.3
7.0
6.3
4.9
6.9
4.3
9.2
7.0
7.8
4.4
7.5
10.5
Date
02-03F79
25-26F80
03-04F80
04-05M80
08-09M80
09- 10M80
lO-11M80
20-2 1M80
2 1-22M80
22-23M80
01-02A80
02-03A80
03-04A80
Wind Direc. at Noon
North East
East
Anticyc. over site
Anticyc. over site
North
North
North West
East
East
South
Slack
North West
North
Wind Direction v. Days When Road-Air max < 20°C
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difference between the air and road maximum temperatures than winds
with a southerly component.
The road and slab temperatures were measured with thermistors which
were waterproofed with vinyl tips and leads, accurate to ± 0.1°C. Two
cores were diamond drilled from the road to a depth of 36 cm, and
replaced with cores of identical construction with thermistors placed
at 0.5, 18 and 36 cm (see Figures 4.4 and 4.5). The cores were sealed
in place with blackened epoxy resin and warm pitch. A similar core was
placed in the slab. The two sensors at 0.5 cm in the road were as close
to the surface as is practically possible on a heavily trafficked
motorway. The two sensors gave almost identical readings (see Figure
4. 6) which were averaged to give an estimate of the road surface tempera-
ture. The thermistors at 0.5 and 18 cm were iterrogated every 10 minutes,
whilst those at 36 cm were interrogated every 20 minutes. The temperature
differences between thermistors at similar depths were normally found
to be Less than 0.1°C.
The wet bulb resistance thermometer did not give reliable results,
in that the site was only visited once a week and the reservoir of
distilled water dried out in that time. Therefore, the humidity for
the site has had to be estimated from observations at RAF Benson 20 km
to the north. Other methods of automatically measuring humidity without
i.i$ ),i1h	 re avi1ih1e (and are now beinq used in the
West Midlands) but they were not available for the t44 site.
4.2.2 Wind
A Patton anenometer was used to measure wind speed. It was mounted
on a boom opposite the air temperature recorder at a height of 2 m.
110	 -.
FIGURE 4.4 The instrumented cores in the slow lane of the M4 motorway
FIGURE 4.5
The ins trumen
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The instrument was interrogated every 10 minutes for an accumulated
wind run which was then converted to metres per second. The wind
direction vazdid not function at all during the study period and for
nst of February and March 1980 the wind speed indicator also malfunctioned.
Wind speeds from Beaufont Park and Benscz (measured at 10 in) were adjusted
to values applicable to the M4 site (see Chapter 6).
4.2.3 Surface Wetness
Instruments to measure surface wetness are notably unreliable in
the field, despite rigorous laboratory tests. The device used here was
developed by Hay and Young (1972) and consisted of five concentric brass
rings connected electrically in alternate pairs. The largest ring has
a diameter of 18 cm and a depth of 7 cm. An insulating filler mixture
of epoxy resin and sand was used and the resistance between the alternate
rings was measured by passing an electrical current through them. A
wetness meter was installed in both the slab and the road for comparative
purposes. However, it was found that the two instruments could only be
compared in a qualitative way, and indeed the results fzom the instrument
in the road proved to be uninformative. The resistance hardly changing
at all which was probably due to the continuous excessive presence of
rock salt due to over salting.
4.3 Data Collection
Data com the M4 site was first recorded on 30th January 1979. The
data collection system was of course 'second hand' as were some of the
instruments, and the microprocessor was very unreliable. It was built
in 1972 and was subject to overheating and turning itself off whenever
a slight power surge took place. During February 1979 the telephone
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line was flooded and all observations for the middle of February to the dof
the winter periodwere lost. The data for the first half of the winter
of 1979/80 was also lost due to a malfunction in the paper punch machine
at the Transport and Road Research Laboratory. This system of data
storage was replaced eventually with a cassette recorder. The data
collection problems were wearing but much valuable experience in remote
data collection was gained. In all more than a thousand hours of
observations were recorded, and thirty nights when the minimum road
surface temperature fell below 5°C have been selected for analysis.
Table 4.3 lists these nights which will be discussed individually in
Chapter 6.
4.4 Data Analysis
Orof the most surprising results of the 30 nights data chosen for
analysis is that the minimum road surface temperature was warmer than
the minimum air temperature on 25 occasions. The Road Danger Warnings
issued during that period for the M4 motorway always presumed that the
motorway would be colder than the air. For instance, consider three
aoad Danger Warnings issued to the M4 maintenance depots:
U) 23rd February 1980
'Minimum air temperature -2°C, minimum road -4°C. Road temp-
eratures expected to fall below 0°C after 2000 hrs - no snow
expected.'
(Actual minimum air temperature was -0.5°C, and the minimum road
surface temperatue was 1.7°C)
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Table 4.3 Air and Road Minimum Temperatures for 30 Nights on the M4
When the Minimum Road Surface Temperature was less then 5°C
Date	 Mm. Air Temperature Mm. Road Temperature
Time	 Time
	
1	 31-01F79
2 O1-02F79
3 02-03F79
4 03-04F79
5 04-05F79
6 05-06F79
7 06-07F79
8 07-08F79
9 08-09F79
to 09-10F79
	
11	 10-11F79
	
12	 11-12F79
	
13	 12-13F79
14 22-23F79
15 23-24F80
16 24-25F80
17 25-26F80
18 03-04M80
19 04-05?180
20 06-06M80
	
21	 07-081480
22 08-09M80
23 09- 10M80
	
24
	 10-11M80
25 20-21M80
26 21-22M80
27 22-23M80
28 0 1-02A80
29 02-03A80
30 03-04A80
3.1
1.4
-3.6
-1.8
2.0
-3.3
0.9
-0.1
1.1
2.0
1.5
0.1
1.0
0.9
-0.5
1.7
-1.1
-3.3
-2.2
3.4
3.0
1.7
0.9
2.6
-1.6
-5.5
1.2
3.9
3.0
-0.7
1800
0800
0440
1120
0220
0620
1520
0800
0500
2000
0820
0540
1200
0500
0240
0400
0020
0520
0440
0304
0140
0300
0120
0600
2400
0620
2200
0300
0520
0440
3.9
1.1
-2.4
-0.8
2.3
-1.9
2.2
-0.6
1.5
2.2
1.4
0.6
2.1
2.9
1.7
2.7
2.0
-0.5
0.4
3.6
3.0
3.0
4.2
3.0
-0.3
-2.8
3.0
3.4
4.1
2.3
2100
0800
0440
1120
0240
0420
0200
0740
0520
0200
2300
0540
0200
0440
0220
0400
0020
0520
0440
0500
0100
0300
0120
0300
2400
0540
0400
0400
0500
0540
0.8 x 14
-0.3 x H
1.2
1.0
0.3
1.4
1.3 x M
-0.5 x Tr
0.4
0.2
-0.1 x Tr
0.5 x M
1.1 x M
2.0 x H
2.2
1.0 x L
3.1 x L
2.8
2.6
0.2 x H
0.0 x M
1.3
3.3 x M
0.4
1.3
2.7
1.8
-0.5 x B
1.1
3.0
[1]	 (2]	 (33
= 0.39 a, = 2.34 	 x2 = 1.57 a2 = 1.92	 R-A = 1.2
Signifi. diff. betw. [11 and (2] at 3.6% level 	 (31
n55 t-2.lS
correlation between Lii aria 13)
	
-U.is
[21 and [3] = -0.119
Precipitation: H=ffeavy, M=Medium, Tr=Trace
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(ii) 24th February 1980
'Minimum air temperature +3°C, minimum road surface temperature
2°C'
(Actual minimum air temperature +1.7°C, mimimum road surface
temperature +2.7°c)
(iii) 25th February 1980
Minimum air temperature -2°C, minimum road surface temperature
-3°C. Road temperature will fall below zero at 2100 hrs.'
(Actual minimum recorded air temperature -1.1°C, and minimum
recorded road temperature +2.0°C).
Each forecast assumes that the minimum road temperature will be
colder than the minimum air temperature, and in each case it was the
other way around. Figure (4. 7) shows the relationship between the
minimum air and road temperatures for the 30 nights considered. Table
4.3 gives the actual figures used to plot Figure 4. 7, and shows that
on average the minimum motorway temperatures recorded at the M4 site
were more than 1°C warmer than the minimum air temperatures. Table 4.4
shows that there is no significant *difference between the minimum air
temperatures recorded at the M4 site and those recorded at R.A.F. Benson.
Hence the air on the M4 is not unusually cold, it is the motorway that
is unusuaLLy warmi rne possible LedSUIIb LJ.L %JS.Lb IVJ..LJ.	 i.
detail later, but are primarily due to depth of road construction and traffic.
This result is very important in that it suggests that far too
many Road Danger Warnings are being issued for this stretch of the 144.
Tbe evidence on which local weather centres base their belief that
rhe statistics carried out in this chapter were done using the statistical
package MINITAB (Tyan et.al. 1976)
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Minimum rood Thmperature C
I	 I
It,.	 U	 -	 0	 -	 p.)	 U	 UI	 0's
U'
U
:3
3
C
3
•1
-I
3p
.0
C)
.1
(.iI
S..
Benson
3.9
0.2
-2.6
0.1
0.5
-1.4
0.1
-1.6
1.7
1.4
1.2
-0.5
0.2
-0.3
-1.3
2.0
-2.9
-2.3
1.1
3.3
2.3
1.3
3.6
1.1
-3. 1
-2.5
1.6
3.3
1.2
-1.0
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Table 4.4 A Comparison of Minimum Air Temperatures at M4 Site and
R.A.F. Benson for the 30 Nights Considered
Date
	
1	 31-01F79
2 01-02F79
3 02-03F79
4 03-04F79
5 04-05F79
6 0S-06F79
7 06-07F79
8 07-08F79
9 08-09F79
t'O 09-10F79
	it	 10-1. 1F79
	12	 I I-12F79
	 3	 12-13F79
14 22-23F79
15 23-24F79
16 24-25F79
17 2 5-26F79
18 0 3-04M80
19 04-05M80
20 06-07M80
21 07-08M80
22 08-09M80
23 09-10M80
24 10-11M80
25 20-2 1M80
26 2 i-22M80
27 22-23M80
28 0 1-02A80
29 02-03A80
30 03-04A80
M4
3.1
1.4
-3.6
-1.8
2.0
-3.3
0.9
-0.1
1.1
2.0
1.5
0.1
1.0
0.9
-0.5
1.7
-1.1
-3.3
-2.2
3.4
3.0
1.7
0.9
2.6
-1.6
-5.5
1.2
3.9
3.0
-0.7
TM4-B
-0,8
+1.2
-1.0
-1.9
+1.5
-1.9
+0.8
+1.5
-0.6
+0.6
+0.3
+0.6
+0.8
+1,2
+0.8
-0.3
+1.8
-1.0
-3.3
+0.1
+0.7
+0.4
-2.7
+1.5
+1.5
-3.0
-0.4
+0.6
+1.8
+0.3
= 0.39 x2 = 0.35 x3 = 0.04
Mean absolute diffecence = 1.16
There is no significant difference between air minimum on M4 and at
R.A.F. Benson (using a two sample b-test)
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minimum road temperatures tend to be colder than minimum air temperatures
is based on a number of comparison studies done in the late 1960's and
early 1970's. Ritchie (1969) showed that in winter the difference
between the minimum road and air temperature: APR_A was on average
about -1.5°C, i.e. that on average the road is colder. However the
"road" in this case was a concrete road leading to an aircraft taxiway
at Wyton. It was only six inches (15 cm) thick and had no traffic.
A typical motorway construction involves 35-50 cm of asphalt and/or
concrete on top of a similar depth of sub-base. Hence Ritchie's results
are not typical for an ordinary road.
The only study that used actual motorway suface temperatures was
that of Hay (1969). He used thermocouples embedded in the road at two
sites - one on the MI at Newport Pagnell and the other on a sliproad of
the M4 near Bray Wick. The Newport Pagnell results are the most corn-
parable in terms of road construction and traffic. Figure 4. 8 shows
the 10-day means for the two winters of 1963/64 and 1964/65. These
observations certainly show that the Ml minimum temperature was warmer
that the minimum air temperature for most of the period, whereas on the
sliproad of the M4 the converse is true. These figures have been largely
ignored by Meterological Office forecasters who presumably are over
swayed by grass minimum temperatures which are much colder than road
temperatures. These differences will be examined again in Chapter 7
when a complete winters observations for the M5 and M42 are examined.
ay concludes from his study that there appeared to be no dependence
of ATR_A on:
(i) the road surface being wet or dry
(ii) traffic density (using hourly traffic counts at Newport Pagnell)
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(iii) the value of air or road minimum temperature
(iv) the time interval, sometimes several hours, between the two
minima
(v) the wet-bulb depression.
Let us compare each of these findings with the M4 data.
(i) Firstly the effect of the road being wet or dry.
Table 4.5 shows that on all 4 occasions when the TRA was negative
the road was wet at some time during the 24 hour period, and that, on
average, the difference between road and air minimum temperatures is
less on days when rain fell, and therefore the road was wet, although
the difference is not significantly different with this sample size.
This effect is no doubt due to the fact that the temperature of the
precipitation is influenced by the air temperature, and hence tends to
cancel out differences between the air and road temperature. The
diurnal range of the road temperature is also reduced when the road is
wet due to the high specific heat of water. The diurnal range of the
air temperature is on average less than that of the road as shown in
Table 4.6. The average diurnal range for the road temperatures is 9.2°C,
and for the air temperatures is 6.8°C (the difference is significant at
the 2% level).
Fiaure 4. 9 shows the average diurnal curves for all the February
and March data in 1979 and 1980 (27 nights). This clearly shows that
the road minimum is on average greater than the air minimum.
Table 4.6 suggests that the diurnal range for both the air and the
road temperature is suppressed when precipitation is present. Also it
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Table 4.5 TR-A for Dry and Wet Road Conditions
Road Dry
ETR-A
1.2
1.0
0.3
1.4
0.4
0.2
2.2
2.8
2.6
1.3
0.4
1.3
2.7
1.8
Road Wet at Sometime in 24 Hours
TR-A
0.8
-0.3
1.3
-0.5
-0.1
0.5
1.1
2.0
1.0
3.1
0.2
0.0
3.3
-0.5
1.1
3.0	 ___________
E=23.7	 E=11.9
ATR-A = 1.5°C	 = 0.85°C
a=0.94	 a=1.34
No significant difference between them at 5% '(Sig. at 13%)
n = 24
t=i.56	 -
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0
/
S
S
I
I
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0	 0)1
%
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I
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S
S
I
I
S
I
S
/
I
I
I
S
I
I
I
I
I
I
I
I
I
/
I
I
I
I
I
/
I
I
I
I
Road
5.1
7.1
10.4
9.4
4.6
9.5
4.7
7.4
4.2
3.8
4.5
3.0
3.3
7.4
8.6
5.4
10.3
14.9
15.2
6.4
6.1
11.5
12.1
10.4
13.8
15.3
12.9
13.4
15.5
19.6
9.2
02 = 4.5
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Table 4.6
Observed Diurnal Ranges of Air, Road and Slab Temperatures on M4
Date
	
1	 31-01F79
2 01-02F79
3 02-0 3F79
4 0 3-04F79
5 04-05F79
6 05-06F79
7 06-07F79
8 07-08F79
9 08-09F79
10 09- 10F79
	
11	 10-11F79
	
12	 11-12F79
	
13	 12-13F79
14 22-23F80
15 23-24F80
16 24-25F80
17 25-26F80
18 03-04M80
19 04-05M80
20 06-07M80
21 07-08M80
22 08-09M80
23 09-10M80
24 10-1 1M80
25 20-2 1M80
26 21-22M80
27 22-23M80
28 0 1-02A80
29 02-0 3A80
30 o 3-04A80
Slab
6.5
8.0
10.5
10.5
6.2
10.9
4.9
9.8
4.0
3.7
3.8
2.8
5.2
9.8
11.2
7.1
13.2
18.6
17.3
7.1
7.5
12.3
13.3
11.9
14.7
18.1
15.9
14.7
20.0
24.9
;:i = 10.8
c= 5.5
Air
3.8
78
7.9
7.9
2.8
8.9
4.5
6.4
2.5
1.8
1.7
2.7
5.6
8.4
8.8
4.8
9.1
10.7
11.5
7.3
4.6
6.9
8.5
6.5
5.9
11.0
6.9
6.5
9.1
12.1
X3 6.8
03 = 2.9
1.3
-0.7
2.5
1.5
1.8
0.6
0.2
1.0
1.7
2.0
2.8
0.3
-2.3
-1.0
-0.2
0.6
1.2
4.2
3.7
-0.7
1.5
4.6
4.6
3.9
7.9
4.3
6.0
6.9
5.4
7.5
2.4
0k = 2.6
Moisture
'I
/
VI
P'
VI
I
'I
/
VI
P,
I
'I
I
I
{1] No significant difference between slab and road diurnal temperatures
(21% level)	 n = 55 t = 1.26
t2] Significant difference between road and air diurnal temperatures at
2%level	 n=49 t2.S
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can be seen that the difference between the diurnal ranges is smaller
with precipitation. Interestingly, Table 4.7 also shows that there is
a significant difference between the diurnal range of the road tempera-
ture on wet and dry days; whereas the difference on the same days for
the diurnal air temperature is not significant. The differences between
the diurnal road and air temperatures ITR_A is significantly greater on
dry days, again showing that precipitation "dampens" the diurnal road
surface temperature range. Thus precipitation does have an effect upon
the difference between the air and road temperatures for the M4.
(ii) The effect of traffic density on road and air temperatures is
little understood. Traffic counts for the M4 are not available in
sufficient detail to test any hypothesis, but from more recent data
gathered in the West Midlands it certainly does appear that traffic
intensity affects road temperatures. Hay (1979) only measured temperatures
in one lane - the slow lane, and similarly the instruments for this
investiqation were placed in the slow lane of the M4. Hence, it is
difficult to sample out the effect of traffic, as the diurnal rhythm of
temperature is confused with the diurnal rhythm of traffic. In the West
Midlands we have instrumented both the slow and fast lanes of three
sites. This immediately gives us a comparison, as traffic is more
frequent in the slow lanes. We have ibund that the fast lane of a 1*isy nr*orway capte
to 2°C colder than the slow lane which must be due to less traffic as
all else is constant. Traffic density must therefore affect the
difference between the air temperature minimum and the road temperature
minimum, depending upon which lane the road temperature is taken. This
is discussed further in Chapter 7.
2.5
1.5
1.8
0.6
1.7
2.0
-0.2
4.2
3.7
4.6
3.9
7.9
4.3
6.0
6.0
7.5
av = 3.6
a = 2.4
Wet
1.3
-0.7
0.2
1.0
2.8
0.3
-2.3
-1.0
0.6
1.2
-0.7
1.5
3.6
6.9
av = 1.05
a = 2.3
Significant difference
at < 1%
n=27 t=3.001
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Table 4.7
Diurnal Ranges of Air and Road Temperatures on Dry and Wet Days
Road	 Air	 TR-A
Wet
	
10.4	 5.1
	
9.4	 7.1
	
4.6	 4.7
	
9.5	 7.4
	
4.2	 4.5
	
3.8	 3.0
	
8.6	 3.3
	
14.9	 7.4
	
15.2	 5.4
	
11.5	 10.3
	
10.4	 6.4
	
13.8	 6.1
	
15.3	 12.1
	
12,9	 13.4
	
15.5	 av = 6.9
	
19.6	 a = 3.1
av = 11.2
'5 = 4.5
Significant difference
at < 1%
n = 26 t = 3.1
	
Dry	 Wet
	
7.9	 3.8
	
7.9	 7.8
	
2.8	 4.5
	
8.9	 6.4
	
2.5	 1.7
	
1.8	 2.7
	
8.8	 5.6
	
10.7	 8.4
	
11.5	 4.8
	
6.9	 9.1
	
6.5	 7.3
	
5.9	 4.6
	
11.0	 8.5
	
6.9	 6.5
	
9.1	 av = 5.8
	
12.1	 a = 2.3
av = 7.6
a = 3.2
No
Significant differencE
at < 9%
n = 27 t = 1.747
- 126 -
(iii) The size of the difference TR_A can be correlated against the
actual values of Tpj and Tj from Table 4.3 to test this hypothesis.
Interestingly, there is a significant correlation (r = -O.58) between
the minimum air temperature and ATR_A , whereas the relationship between
the minimum road temperature and DTR.....A is not significant Cr = -0.12).
Thus the colder the minimum air temperature the greater the difference
TR_A . This is probably because the road temperature does not drop
as cold as one might expect due to traffic or perhaps the spreading of
salt which tends to create a moist layer on the surface of the road as
salt is hydroscopic. This moist layer then insulates the surface from
further cooling.
(iv)and (v) The times of the minima for air and road are remarkably
similar and no pattern can be seen relating the difference 	 to
either the time of the minima or the difference in timings of the
minima. Table 4.3 shows that the absolute minima occured at times
ranging from well before midnight through to times around dawn. The
average minima for 27 nights (excluding April figures in 1980) can
be seen in Figure 4. 9. The air temperature curve is more sinusoidal
than the road temperature curve which has a much larger interval
between maximum and minimum (15 hours).
(vi) the effect of the air humidity will be discussed when the sensi-
tL:it1 .	 Lei.iu1L iuudei is examined later. Wet bulb temperatures
were not measured at the site.
Thus, of Hay's conclusions, (1), (2) and (3) are not supported by
the 144 data whereas (4) and (5) are. A factor ignored by Hay was the
effect of wind speed in the difference between the road and air minimums.
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Figure 4.10 shows that there is an inverse relationship between the two,
with a correlation coefficient of -0.64. This is instinctively obivious,
the higher the windspeed the greater the mixing and hence the less the
difference between the air and road surface minimum temperature.
Hay (1969) applied his results to the problem of forecasting
minimum road temperatures and states (pS9):
'it would appear that forecast values of minimum road surface temperature
should be taken to be the same as forecast values of minimum air tempera-
tures for the period mid-November to mid-February. This however, should
perhaps be regarded at the present stage as a guide rather than a rule
in view of the limited amount of data, two incomplete winters at each
site. It may be, too, that a different result would be obtained at
another site with different topographical features and physical charac-
teristics such as type of road construction, colour of surface etc.'
Hay recognised the possible limitations of his results, indeed he
was the co-instigator of the instrumentation of the M4 (Kay and Young
1972). With only 30 nights of more detailed observations the same
criteria must be applied to the data presented in this study. Results
from the West Midlands discussed in Chapter 7 show Chat ATR_A is
different for each motorway considered. The site of the M4 instrumentation
could well be an important factor influencing the observed warmth of
the motorway surface compared to the air temperature. Another factor
could be the different instrumentation itself. The problems of measuring
the 'true' road surface temperature are great and most measure just
below the surface, but perhaps the greatest factor that has not been
considered in previous literature is the traffic density.
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The above comparison of results with Hay's investigation does not
complete the analysis of the range of data collected on the 144 site.
Other data included the slab and sub-road temperatures.
4.5 Slab Temperatures
Table 4.6 compares the diurnal range of the slab surface tempera-
tures with that of the road and the air. The average range for the slab
is 10.8°C as compared to 9.2°C for the road. Table 4.8 compares the
maximum and minimum temperatures for the slab and the 144. On all 30
nights the slab minimum is lower than the road minimum. This is the
result of two main factors, firstly the exposure of the slab which was
standing above the surface, and secondly the presence of traffic on
the road. The first factor kept the slab colder than the road and the
traffic kept the road warmer. Unfortunately it is difficult to isolate
these two effects which act together to give colder slab minimum tempera-
tures. As far as the maximums are concerned it seems that there is a
difference between the 1979 figures and the 1980 figures. On average
in 1979 (13 nights) the maximum slab temperature was colder than the
niximum road temperature by -0.8°C, whereas in 1980 (17 nights) the
average slab maximum temperature was warmer by +1.2°C. There are
probably two reasons for this. February 1979 followed the very cold
month of January 1979 which could have cooled the slab below that of
the ra	 ', tcosüre.	 -.
The data also shows that the slab temperature at 36 an below the surface
was about 2°C Lower than that of the road temperature at 36 an for the nights
studied in 1979. The 1980 nights showed a difference of less than 1°c. The
data for 1980 is for early spring when the sun was beginning to raise the
daytime maximums above 10°C. Figures 4.11 and 4.12 show the slab being
installed, and it's position relative to the road and the 'xmas tree'. The
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FIGURE 4.11 The slab being installed in the M4 compound
- 132 -
FIGURE 4.12 The instrumented slab in position
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traffic on the road prevents the solar radiation reaching the surface,
and when the sun is sufficiently high this can outweigh the heating
effect of the traffic.
Thus the effect of traffic cannot be fully isolated from the analysis
of slab temperatures due to the exposure of the slab. However it does
suggest that the traffic is having no more of a heating effect than about
1°C in the slow lane. The fast lane and middle lane might well be
affected by less than 0.5°C depending on the timing of dawn, and the
timing of the build up of early morning traffic. Dawn on the 1st of
February 1979 was about 7.40 am, whereas on the 1st April 1980 it was about
5.40 am.
Figure 4.l3plots the variations in resistance measured by the
road and slab "wetness" meters. Sugrue (1980) compared the measured
resistances with actual rainfall measurements at nearby weather stations.
He found that the resistance in the road hardly moved at all during the
study period, and that the slab resistance was qualitatively better.
These instruments are hardly reliable however, and are not being used
in more recent studies.
4.6 Sub Road Temperatures
Temperatures measured at noon at 18 cm and 36 cm beLow the road for
rh nf the 30 days considered are given in Table 4.9. (The actual
diurnal temperatures are given in Figures (6.2 - 6.31 ) together with
forecast values). Interestingly, there is no significant difference
between the temperatures recorded at these depths. The greatest
differencoccur when the surface temperature gets above 10°C in 1980 and
then the 18 cm temperature tends to be warmer than the 36 cm tempera-
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Table 4.9
Temperature at Noon at 18 and 36 cm Depth on the M4
Date
	
1	 31-01F79
2 01-02F79
3 02-03F79
4 03-04F79
5 04-05F79
6 05-06F79
7 06-07F79
8 07-08F79
9 08-09F79
10 09- 10F79
	
11	 10-1 1F79
	
12	 11-12F79
	
13	 12-23F79
	
14	 13-14F80
	
15	 14-15F80
	
16	 15-16F80
	
17	 16-17F80
18 03-04M80
19 04-05M80
20 05-06M80
21 06-07M80
22 08-09M80
23 09-10M80
	
24	 10-11M80
25 20-2 1M80
26 21-22M80
27 22-23M80
28 O1-02A80
29 02-03A80
30 03-04A80
Tqiirc.
7.5
6.3
8.0
6.8
4.3
7.0
5.9
6.1
4.6
5.5
5.7
3.3
2.8
8.5
7.4
6.5
10.2
13.3
13.1
7.7
8.2
7.6
14.1
13.4
9.2
9.5
13.1
12.8
17.4
19.5
= 8.84
(1)
T18	 T36
	
2.8	 2.2
	
4.9	 4.0
	
4.2	 4.1
	
2.3	 2.6
	
2.6	 2.6
	
4.4	 3.5
	
2.2	 2.6
	
4.0	 3.4
	
2.7	 2.7
	
3.2	 3.0
	
3.7	 3.4
	
2.7	 3.1
	
2.4	 2.9
	
8.8	 8.4
	
5.8	 6.9
	
5.3	 6.2
	
6.0	 6.1
	
7.8	 7.4
	
6.2	 6.0
	
6.8	 6.6
	
7.0	 6.7
	
6.5	 6.4
	
7.8	 6.3
	
7.8	 7.0
	
5.2	 4.6
	
4.8	 4.7
	
5.0	 3.8
	
12.3	 95
	
10.0	 8.1
	
10.8_	 8.7
= 5.12	 = 5.12
(2)	 (3)
0.6
0.9
0.1
-0.3
0.0
0.9
-0.4
0.6
0.0
0.2
0.3
-0.4
-0.5
0.4
-1.1
-0.9
-0.1
0.4
0.2
0.2
0.3
0.1
1.5
0.8
0.6
0.1
1.2
2.8
1.9
2.1
= 0.4
(4)
t21 and 13] not signf. diff. n = 55 t = 0.67 (51%)
	
(1)	 (2)	 (3)
(2) 0.81
(3) 0.71	 0.96
(4) 0.71	 0.7	 0.46
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ture. In view of the fact that all the 30 days of observations were in
the early part of the year the temperatures at these depths are at
their lowest of the year. In autumn and early winter the temperatures
at depth are much warmer and this can offset surface cooling, but as
will be shown later, not to any great extent. Figure 4.1 4 shows the
diurnal temperature curves for the surface, 18 cm and 36 cm for the
first 5 days of continuous observations in February 1979.
4.7 Maintenance Depot Action
The maintenance depot responsible for the salting of the M4 where
the instruments are installed is at Chieveley. The depot iS required
to keep a diary of action taken and weather forecasts received. Unfortun-
ately the records are seldom complete, especially on nights when salting
took place. The duty engineer is too busy organising the salting operation
to fill in the diary. Hence a more complete record is usually found on
nights when no action was taken, as the duty engineer has plenty of time
to fill in the diary! Table 4.10 gives the forecast and observed
minimum surface temperatures as recorded at the depot which has a
thermistor buried just at the surface of the maintenance compound as
shown in Figure 4.15. Table 4.10 also shows the observed minimum
temperature on the t44 for comparison with the observed minimum tempera-
tures at the depot. The minimum on the M4 is on average for 15 nights
1 1°c warmar than the minimum recorded in the compound. This reinforces
the approximate 1°C warming considered to be due to traffic.
The Road Danger Warnings received from Uphaven Meteorological Office
contain forecast road minimum temperatures as shown in Table 4.10.
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0.0
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1.8
-0.8
2.2
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1.8
1.1
0.2
1.6
= 1.3°C
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Table 4.10
Road Danger Warnings Received by M4 Motorway Maintenance Depot for 30
Nights Considered
Forecast Mm.	 Observed M4 Mm	 Observed Compound
Date	 R.S.T.	 tTF-A	 Mm.
(1980 only)
1 31-01F79
2 01-02F79
3 02-03F79
4 03-04F79
S 04-05F79
6 05-06F79
7 06-07F79
8 07-08F79
9 08-09F79
to 09-10F79
11 10-i 1F79
12 11-12F79
13 12-13F79
14 22-23F80
15 23-24F80
16 24-25F80
17 25-26F80
18 03-041480
19 04-05M80
20 06-071480
21 07-08M80
22 08-09M80
23 09- t0M80
24 1O-11M80
25 20-21M80
26 21-221480
27 22-23M80
28 01 -02A80
29 02 -0 3A80
30 03-04A80
-5.0
0.0
-7.0
<0.0
0.0
-7.0
-3.0
-5.0
-4.0
<0.0
0.0
<0.0
0.0
1.0
-4.0
2.0
-3.0
-7.0(-5.0)
<0.0
2.0
2.0
-1.0
n.a.
-1.0
-2.0(--6.0)
-3.0 (-5.0)
n. a.
2.0
0.0
-2.0
	
3.9	 -8.9
	
1.1	 -1.1
	
-2.4	 -4.9
-0.8
	
2.3	 -2.3
	
-1.9	 -5.1
	
2.2	 -5.2
	
-0.6	 -4.4
	
1.5	 -5.5
2.2
	
1.4	 -1.4
0.6
	
2.1	 -2.1
	
2.9	 -1.9
	
1.7	 -5.7
	
2.7	 -0.7
	
2.0	 -5.0
	
-5.0	 -4.5
0.4
	
3.6	 -1.6
	
2.0	 -1.0
	
3.0	 -4.0
4.2
	
3.0	 -4.0
	
-0.3	 -5.7
	
-2.8	 -2.2
3.0
	
3.4	 -1.4
	
4.1	 -4.1
	
2.3	 -4.3
-3.4°c
Figures in brackets represent updated forecasts
n.a. data not recorded
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The inaccuracy of the Road Danger Warnings is clear. Even assuming
that the fast lane might be 1°C cooler at night than the slow lane,
the minimum road surface temperature forecast is too low. For the 24
nights when definite forecast minimum temperatures were made, the
forecast minimum was on average 3.6°C too low.
It is hoped to present in the next two chapters an objective
forecasting method which will be accurate retrospectively to within
1°C of observed motorway minimum temperatures, and accurate in real
time to within 1.5°C, as presented in Chapter 7.
- 141 -
CHAPTER 5 THE FORTRAN MODEL
5.1 Introduction
Outca].t's (1971) model was chosen because it is easily modified
to produce a 24 hour forecast of road surface temperatures. It has
many assumptions that have to be borne in mind when interpreting the
outputs, but it has the overwhelming advantage that is is easy to use
and doe snot take up much computer time. There is only one other comparable
model for forecasting road surface temperatures; that used by the Finnish
Meteorological Office (Nysten 1980). However their' model is only used
to forecast up to six hours ahead, and takes much more computer time
than the model proposed in this chapter.
McBean'et.al. (1979) recognise the problems invoLved in getting
boundary layer models operational:
'Boundary layer models depend on a number of ill-defined physical para-
meters like thermal conductivity in the soil.........and roughness
height. Compromises have to be made between numerial efficiency and
modelling of the physical processes in the atmosphere, in the ground.
and at the interface.' (page: 97).
This chapter presents the alterations made to the Fortran of Outcalt'e
model and 'the presents a sensitivity analysis of the new model.
5.2 Alterations to the Fortran
1. Outcalt's 1971 modeL was desigjied to be used on cards and has .256
prograim lines of which .55 axe coimnent cards. That version of the
model has been converted for interactive use by Unwin. (191) who found
- 142 -
that the model takes about 3 seconds of processor time (c.p.u.) on a
CDC Cyber 73.computer. Unwin did not attempt to improve the model, his
only changes being the presentation of S.I. units rather than the c.g.s.
units of Outcalt.
In Chapter 3 of this thesis an error in the radiation generator
was pointed out and 17 alterations to Outcalt's model eze.presented.
The following errors in Outcalt's model have also been corrected,
these are more to do with Fortran and arithmetic than meteorology:
(a) Line 182 the number 57.29557 represents 180/ir, and should be
57. 29578
(b) Line 251 INC does not represent an integer variable, and has
therefore been changed to DNC
(c) Line 252 as for line 251
2. The version of the model presented in this thesis is Listed in
appendix 1. It is written in standard Fortran but with the deliberate
aim of making the model interactive and easy to use. Thus, for instance,
instead of having to feed in the angle of declination and radius vector
there are automatically caLculated from the. input of the day of the
year (Osborne 1982). All the inputs to the model are familiar to a
professional weather forecaster.
3 • The interval-halving algorithm used for solving the heat balance
equation for the equilibrium surface temperature in Outcalt's 1971 model
has been changed to incorporate the improved method suggested by Dozier
and Outcalt (1979, page 69) and, used also by Greene (1980, page 5).
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4. Whereas Outcalt ran his 1971 model through a two day cycle to set
up the lags in the temperature profiles at depth in the ground, this
model need only be zunr 24 hours at 20 minute iterations. This is made
poasthie by feeding in observed temperatures at depths of 18 cm and
36 cm in the road. This saves computation time and is obviously more
accurate than using Outcalt 's initial assumption of a linear temperature
profile in the ground. The. time interval of 20 minutes was chosen
because of the 10 and 20 minutes time interval of data collection at
the M4 site.
5. The actual road surface temperature at noon was taken as the starting
point of the model in order to predict the minimum road temperature
the following morning. Hence, Outcalt's model has been adjusted to start
at noon and run for 24 hours. The calculated equilibrium road surface
temperature at noon is not always exactly the same as that observed -
due to the assumptions of the model • Hence, a smoothed temperature
profile is calculated such that in Fortran notation:
TD(I) = TC(I) + (TD(I-1) - TC(i))/2,0
where TD'(I) is the smoothed temperature at interval I
t'C(I) is the equilibrium surface temperature at interval I
when I = 1, i.e. at noon TS(1) is set equal to the observed noon road
surface 'temperature. Table 5.1 shows the difference between !L'C'(I) and
TD(I) for the 30 nights considered.
It can be seen from TabLe 5,1 that the calculated equilibrium sur-
face temperature at noon tends to be warmer than the observed noon
teirçecature by, on average, 1.7°C. This is probably because of the
shading effect of traffic (as already discussed) or, perhaps the sky
7.5
6.3
8.0
6.8
4.3
7.0
5.9
6.1
4.6
5.5
5.7
3.3
2.8
8.5
7.4
6.5
10.2
13.1
13.1
7.7
8.2
7.6
14.1
13.4
9.2
9.5
13.1
12.8
17.4
19.5
8.4
8.0
7.1
10.3
5.5
8.1
6.1
7.7
4.5
5.1
4.4
4.2
3.5
9.8
13.8
6.6
13.9
21.9
15.6
8.3
7.9
11.8
19.0
11.2
11.0
9.0
17.6
13.8
18.7
22.3
4.2
1.8
-3.3
-0.7
2.1
-2.2
1.1
0.3
1.9
2.3
1.6
0.5
1.0
2.3
1.4
2.2
1.7
-2.8
-1.2
4.2
3.6
3.1
3.1
3.1
-0.2
-4.4
2.5
4.3
4.1
0.6
4.2
1.7
-3.3
-0.8
2.1
-2.2
1.0
0.3
1.9
2.3
1.4
0.5
1.0
2.3
1.4
2.2
1.6
-1.2
-1.2
4.2
3.6
3.1
3.1
3.0
-0.2
-4.5
2.5
4.2
4.1
0.6
0.0
0.1
0.0
+0.1
0.0
0.0
0.1
0.0
0.0
0.0
0.2
0.0
0.0
0.0
0.0
0.0
0.1
+0.1
0.0
0.0
0.0
0.0
0.0
0.1
0.0
0.1
0.0
0.1
0.0
0 ..0
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Table 5.1
Difference Between Actual Surface Temperature and Calculated Equilibrium
Surface Temperature at Noon and at Minimum
'Date	 TD(I) TC (I) TD-	 TDMin TCMin	 TDMin-TCMin
31-01F79
01-02F79
02-03F79
03-04F79
04-05F79
05-06F79
06-07F79
07-08F79
08-09F79
09-10F79
10-1 1F79
11-12F79
12-13F79
22-23F80
23-24F80
24-25F80
25-26F80
02-04M80
04-05M80
06-07M80
07-08M80
08-09M80
09-10M80
10-11M80
20-211480
21-221180
22-231480
o 1-02A80
02-03A80
03-04A90
-0.9
-1.7
0.9
-3.5
-1.2
-1.1
-0.2
-1.6
0.1
0.4
1.3
-0.9
-0.7
-1.3
-6.4
-0.1
-3 • 7
-8.6
-2.5
-0.6
0.3
-4.2
-4.9
2.2
-1.8
0.5
-4.5
-1.0
-1.3
-2.8
- -1.7
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view factor, which although estimated to be as high is 0.95 means that
the sun does not get onto the road as soon as the model predicts.
However, Table 5.1 also shows that the difference between the pre-
dicted minimo. is of no consequence, i.e. TD and TC soon settle down
to more or less the same temperature. The predicted temperatures will
be dicussed in more detail in the next chapter.
6. In order to compare the actual road surface s air and slab temperature
with the predicted equilibrium surface temperature the graphics package
GINO has been used, (see pages. 297-302)-thisprogram"is devoted to
producing the figures of the next chapter. These graphs were produced
on a Hewlett Packard plotter.
Outcalt's original 1971 model has therefore been considerably extended
and adapted for the purpose of predicting road surface temperatures.
This model will be compared with the actual data collected on the 144 site
in Chapter 6, but first the inputs to the model and the model's sensi-
tivity to these inputs will be examined.
5.3 Inputs to the Model
Outcalt originally defined three types of data input to his model,
firstly temporal data, secondly meteorological data and thirdly geo-
graphical data. Table 5.2 givesthe inputs to the new model. The geo-
graphical inputs are considered constant for the 144. The temporal
inputs are averaged from data collected at the site and from nearby
weather stations. Strictly speaking the air temperature, humidity and
wind. speed should be measured at the damping depth height, which varies
each day. This is impractical as discussed in Chapter 3. Cloud infor-
mation has been interpolated from observations at Heathrow Airport (50 km
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Table 5.2
Inputs of the Model for Predicting Road Surface Temperatures
1. Temporal Data (i) Angle of declination }
 calculated
(ii) Radius Vector	 automatically
2. Meteorological Data
3. Ceographical Data
and Constants
(i)
(ii)
(iii)
('fr)
(v)
(vi)
(vii)
U)
(ii)
(iii)
(iv)
(v)
(vi)
(vii)
(viii)
(ix)
(x)
Road surface temperatures at noon
Road sub-surface temperatures at noon
at 18 cm and 36 cm
Wind speed at 2 m adjusted logarith-
matically to 20 m and averaged for
1200 -'- 2400 and 2400 ^ .100
hours
Time road expected wet
Air temperatures averaged for 5 periods:
1200 + 1500
1500 + 1800
1800 + 2400
2400 + 0600
0600 + 1200
Relative humidity fraction averaged for
same five intervals as in (v)
Cloud amount and type averaged for 4
periods 1200 + 1800
1800 + 2400
2400 ^ 0600
0600 + 1200
Latitude 51.0°
Dust content 0.5
Thermal conductivity of concrete
4.8 x i 3
 cal/cm2 /sec
Thermal conductivity of asphalt
3.1 x i0 cal/cm2 /sec
Thermal diffusivity of concrete
1.2 x 10-2 cm2 /sec
Thermal diffusivity of asphalt
6.94 x 10 cm2
 /sec
Surface roughness 15 cm
Shadow ratio
	 0
Road damping depth 72 cm
Air pressure	 1013 nib
- 147 -
East) and at R.A.F. Benson for 1979, supplemented by observations from
Beaufont Park (20 km South). in 1980. Tiros-N satellite pictures
supplied by Dundee University have also been examined to check the
movement of cloud bands.
It is not always an easy task to interpret cloud observations for
a given site from nearby observations. Originally it was hoped that a
net-radiometer mounted over the slab would give a direct indication of
cloud cover at the M4 site. Unfortunately the radiometer would not
function reliably in the road environment, without regular daily
attention, which was impossible.
Outcalt does not consider cloud at all in his analysis, and he
simplifies matters still further by assuming that the boundary layer
air temperature and humidity do not change during the diurnal cycle.
In the British climate it is inevitable that a single figure of air
temperature and air humidity is misleading due to the rapid succession
of air masses and frontal systems. The use of actual air temperature
averaged over five time periods is obviously possible for retrospective
modelling, but it inevitably creates problems for real-time forecasting
as will be discussed in Chapter 7. However it does enable the model to
be time dependent, and considerably improv the slope of the predicted
diurnal surface temperature curve (Thornes and Roe 1981).
The model has been adapted with real-time forecasting in nu.nQ, and
therefore the time intervals for the air temperature and humidity
relate to the forecast periods normally used by forecasters, with the
1500 hour observation included to give an idea of the maximum air
temperature.
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5.4 Sensitivity Analysis - 21-22 March 1980
The purpose of this sensitivity analysis. is to show the relative
importance of each input to the modeL in respect to the forecast minimum
road surface temperature. This analysis will also enable an estimation
of the range of output caused by likely forecast errors in the inputs.
The night of 21-22 March 1980 has been chosen for analysis as this had
the coldest recorded minimum road surface temperature of the 30 nights
studied (-2 .8°C). For that night the inputs to the model are given in
Table 5.3.
This is an interesting night for analysis, a weak cold front (no
precipitation) passed over the site just before midnight, and then the
cloud cleared to give considerable cooling of the road surface and the
air temperature. The minimum air temperature recorded was -5.5 DC, but
the average air temperature from midnight to 6 a.m. was -3.8°C. The
minimum road surface temperature recorded was -2.8°C. The predicted
minimum road temperature is -4.4°C.
5.4.1 Damping Depth Temperature at 72 cm Below Road Surface
Table 5.4 shows that the temperature at 72 cm is directly related
to the predicted minimum road surface temperature, but the effect is
small. A change of 2°C in the temperature at 72 cm causes only a
fl. °( in the ,redicted minimum road surface temperature. A
temperature of 9°C gives the best fit with the actual data recorded at
18 cm and 36 cm as shown in Figure 5 • 1. The temperature at the damping
depth varies seasonally, but in winter probably only by a few degrees.
The 100 cm average monthly soi,1. temperatures for 1979/80, recorded at
Reading are given in Table 5.5.
38cm ____ ACTUAL 18cm
r -- t	 t1 - i - -	 -	 .. I	 - . -
8	 10	 12	 14	 18	 18	 20	 22	 24
MIDNIGHT	 TIME IN HOURS
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FIGURE 5.1 Actual versus predicted temperatures at 18 cm and 36 cm
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Table 5.3
Inputs to Model for March 21-22, 1980
(1) Road surface temperature at noon	 = 9.5°C
(2) Sub-surface temperature at noon at 18 cm = 4.8°C
Sub-surface temperature at noon at 36 cm 4.7°C
Sub-surface temperature at noon at 72 cm 9.0°C
(3) Average wind speed 1200 - 2400 	 = 280 cm/sec
Average wind speed 0000 - 1200 	 = 136 cm/sec
(4) Road Dry	 1200- 1500- 1800-
 2400- 0600-
(5) Air temperature averages	 2.2	 1.7	 -0.1	 -3.8	 0.6
Relative humidity fraction
	 .76	 .65	 .71	 .79	 .79
	
1200	 1800	 2400	 0600
(6) Cloud cover average	 7	 6	 1	 2
	
LOW	 LOW	 LOW	 LOW
Table 5.4
The Effect of Road Damping Depth Temperature on Predicted Road Temperature
T72°C	 Minimum Predicted °C
	
7.0	 -4.5°C
	
9.0	 -4.4°C
	
11.0	 -4.3°C
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Table 5.5
Mean Monthly 100 cm Soil Temperatures at Reading
Month
January 1979
February 1•979
March 1979
April 1979
November 1979
December 1979
February 1980
March 1980
April 1980
100 cm Soil Temperature
5.6°C
4.3°C
5.1 °C
7.2°C
10.2°C
8.8°C
6.2°C
6.4°C
8.2°C
Table 5.6
Sensitivity of the Predicted Minimum Road Surface Temperature to Wind
Speed
Difference from Actual
Average Wind Speed
-100 cm/S
0
+ 100
+300
+1000
Predicted Minimum
Road Surface Temperature
-4.5°C
-4.4°C
-4 • 3°C
-4.1°C
-3.8°C
Table 5.7
Sensitivity of Predicted Road Temperature to Air Temperature and
Humidity
RHF+0.1 RH?	 RHF-0.1
	
TA+1	 -3.4	 -3.6	 -3.7
	
°C TA	 -4.3	 -4.4	 -4.6
	
TA+I.	 -5.2	 -5.3	 -5.5
RH? Relative Humidity Fraction
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Thus temperatures at these depths do not change by more than about 5°C
during the winter period. This is only likely to effect minimum road
surface temperatures by about ±0.25°C.
5.4.2. Wind Speed
The sensitivity of the predicted mininum road surface temperature
to wind speed is shown in Table 5.6. In view of the fact that the
average air temperature was -3.8°C between midnight and 0600 hours the
greater the wind the more the mixing and therefore the warmer the pre-
dicted minimum road surface temperature. The relationship at these
wind speeds is directly proportional such that an increase in average
wind of 100 cm/s warms the road approximately by 0.1°C. Obviously the
slope of this linear relationship depends upon the difference between
the air and road temperatures (with a wind of +1000 cm/s the air is
mixed sufficiently to make the minimum air and road temperatures equal).
The wind is also important in determining the predicted diurnal range
of surface temperature, this is best measured by looking at the balance
temperature TC. For a wind speed of -tOO cm/s the predicted diurnal
range is 15.2°C, whereas for +300 cm/s it is 11.0°C, and for +1000 cm/s
it is only 8.9°C.
5.4.3 Air Temperature and Humidity
m *1 r mnr,t,re obviously
 has an important inter-relationship
with the coad surface temperature. The humidity is also important in
that water vapour absorbs terrestiaj. radiation and re-emits it back to
the surface thus offsetting cooling at night. TabLe 5.7 shows the
relative importance of these two inputs.
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A difference of 1°C in the input air temperature changes the pre-
dicted minimum road surface temperature by almost the same amount,
whereas a difference of relative humidity fraction of 0.1 only changes
the predicted minimum by about 0.1°C.
Thus, if the forecast air temperature is wrong the predicted road
minimum will also be wrong by a similar amount. Uowever, in rca]. time
forecasting it is unlikely that all the errors in temperature prediction
will be in the same direction, and hence on some occasions the errors
are likely to cancel out. Experience with real time forecasting has
shown that the air temperature forecasting is very important, and has
led to the production of an optimistic and pessimistic road surface
temperature prediction as discussed in Chapter 8.
5.4.4 Cloud Cover
Cloud is a very important input into the model in that it directly
affects the radiation fluxes that drive the model. Table 5.8 shows that
the difference in predicted road minimum temperature for no cloud to
that for overcast all day, is only 2.6°C. The diurnal range for the
no cloud situation is 25.1°C as opposed to just 9.4°C for the overcast
case. Thus the greater heating associated with the lack of cloud during
the day means that the minimum is not as low as one might expect. Table
5.8 also shows that the warmest minimum (-2.2°C) would have been
obtained with cloud of 7/L (7/8 LOW), 6/L, 6/L, 61L, which would alLow
sufficient sunshine through during the day to. raise the maximum to 9.0°C
and then sufficient cloud to prevent cooling beyond -2.2°C. The pre-
dicted minimum of -4.4°C wtth the obsered cloud of ilL, 6JL, I/L, 2/L
would ha.ve been raised, to -3.4'C if the observed, cloud had been 7JL.
6/L, 3/L, 3/L.
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Table 5.8 The Sensitivity of the Predicted Minimum Road Surface
Temperature to Cloud
1200 1800 2400 0600 MAXIMUM MINIMUM RANGE
1. Octas	 8	 8	 8	 8*	 7.1	 -2.3	 9.4
Height LOW LOW LOW LOW
2. Octas	 0	 0	 0	 20.2	 -4.9	 25.1
Height -	 	 -	 -
3. Octas	 7	 6	 6	 6	 9.0	 -2.2	 11.2
Height LOW LOW LOW LOW
4. Octas	 7	 6	 3	 3	 9.0	 -3.3	 12.3
Height LOW LOW LOW LOW
5. Octas	 8	 8	 3	 3	 7.1	 -3.4	 10.5
Height LOW LOW LOW LOW
6. Octas	 7	 6	 1	 2	 9.0	 -4.4	 13.4
Height LOW LOW LOW LOW
* It must be remembered that the air temperatures are unchanged in
the model for these runs, in reality with 8/8 cloud it is unlikely
that the minimum air temperature would have been as low as -3.8°C.
Table 5.9 Predicted Minimum Road Surface Temperature for Different
Times of the Year
Date	 Predicted Minimum
	
21. 10. 79	 -4.5
	
21. 11. 79	 -4.6
	
21. 12. 79	 -4.6
	
21.01.80	 -4.6
	
21.02.80	 -4.5
	
21.03.80	 -4.4
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5.4.5 Time of Year
The amount of incoming solar radiation obviously varies with time
of the year. If the model is run for different months the predicted
minimo. are as shown in Table 5.9. The differences are small for
this particular example and hence the time of year is not that important.
If there had been no cloud cover the differences would have been
greater due to the difference in solar input. In reality the temperature
at depth would be different for each month.
5.4.6 Road Wetness
The cold front that passed over the site before midnight did not
produce any precipitation, and the motorway remained 	 dry. The frost
point with an air temperature of -3.8°C and a relative humidity of 79%
was about -7°C, and hencethere was no possibility of hoar frost being
predicted by the model until 6 a.m. when the average air temperature
of 0.6°C with a relative humidity of 79% gave a dew point of -3.0°C.
The model then predicted hoar frost formation, with the result of
6 millilangleya/min being released for just 20 minutes when the tempera-
ture rose above -3°C. In reality, the road temperature did not fall.
below -2.8°C and therefore, it is unlikely that hoar frost did form that
night.
If the model is rim assuminq a wet road from noon Figure 5.2 shows
that the road temperature is predicted to fall to 0.0°C by 18.20 and
remain at 0.0°C for five hours until all the moisture has turned to ice
and then the surface temperature falls to .4.7°C.
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Figure 5.2 also shows that the surface temperature falls to 0.0°C
much quicker on a wet road than on a dry road. This is because the
water acts as an insulating layer on the road and does not allow the
surface temperature to rise as high (maximum 5.4°C) as for a dry road
(maximum 9.0°C), due to the heat loss via evaporation. The further
cooling of the road below 0.0°C is delayed due to the release of latent
heat of fusion.
The input of precipitation to the model can be selected to be one of
three amounts. The above example considered that the road was covered
in 1 mm of water at noon. If the model is run for less depth of water
the road dries out very quickly. For 0.5 mm of water the road is
predicted to dry out by 1600 hrs. and the predicted minimum is -4.1°C.
For 0.15 mm f water the road is predicted to dry out by 1320 hrs., and
the predicted minimum is -4.5°C. In both these two cases the model
would have predicted that the road would dry out before the road surface
temperature dropped to zero.
The rate at which the model predicts surface evaporation has been
discussed in Chapter 3. It is based on observations of surface wetness
but is still in need of further research. Nevertheless the predictions
are realistic, although further improvements such as maintaining the
road wet for the full 24 hours, or for precipitation at several times
giurinev th. 24 hour oeriod, are beinci investiqated.
5.4.7 Forecasting Errors
The ensLtivLty ana.J.ysis hs shown that model. prediction is most
sensitive to cloud cover, wind speed and air temperature. The accuracy
with which these inputs can be forecast will. depend upon the synoptic
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situation. For instance, if the air is stable and there is little cloud,
and hardly any wind, then the minimum road surface temperature will be
highly dependent upon the forecast minimum air temperature. On the
other hand, if it is not certain when a cold frontwill clear the area,
then the most critical forecast might be cloud cover. On clear "radiation"
nights in winter, when there is little cloud and wind, the forecaster's
job is relatively straight forward. It is on occasions when cloud,
wind and air temperature are all important that the model is most
valuable because the relative effect of each can be seen, which makes
the forecaster's job easier in difficult situations. Thus, a range of
likely values can be fed into the model rather than single values. All
the errors might compound to give a warmer minimum or optimistic fore-
cast, or a colder minimum or pessimistic forecast; for instance if we
take a forecast accuracy of:
UA ± 100 cm/s
TA±1°C	 R±o.1
TH ± 0.1°C
Cloud Front passes through to give 7/814, 3/8L, -. , -
Front delays to give	 7/8L, 718L, 61814, 6/814
(for night of 21-22 March 1980)
Lt must be remembered that these inputs are not independent and
4I- Ic 41r1u.
 t-h,it if the front passes through, and the cloud completely
clears, that the air temperature will be lower, and vice versa.
For a pessimistic forecast all the negative errors can be con-
sidered:
(JA - LOG cm/s, TA - 1°C, RW-04, TR -. 2,0°c
Cloud 7/8L, 3/8L, - , -
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This gives a forecast minimum of -6.6°C. An optimistic forecast, taking
all the positive errors gives a predicted minimum of -1.8°C. These two
extremes give a difference in predicted minimum temperature, of 4.8°C.
This is a large difference, but the probability of all the errors acting
in a negative or positive way are small. It is more likely that some
of the errors will be positive and some negative. This will be discussed
in more detail in Chapter 8 when the problems of the use of optimistic
and pessimistic forecasts for real time forecasting are dicussed.
Before a useful assessment aii be made of the model
for real time forecasting, it is necessary to first discuss the per-
formance of the model in simulating retrospectively the observed road
surface temperatures on the M4 motorway.
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CHAPTER 6 ACTUAl VERSUS PREDICTED ROAD SURFACE TEMPERATURES
6.1 Introduction
The Fortran model outlined in the last Chapter has been tested
retrospectively against the 30 nights observed road surface temperatures
discussed in Chapter 4. The actual versus predicted minimum road
surface temperatures are given in Table 6.1 and shown in Figure 6.1.
The mean absolute error is 0,65°C, and the root mean square error is
±0.87°C. The model was accurate to within ±1.0°C on 23 of the 30 nights.
Thereforeretrospectively the model is accurate to within a degree centigrade
for approximately 75%. of the time. Each of the 30 nights will now be
considered briefly before a full discussion of the results is made.
It must be remembered that not all of the inputs to the model were
observed, and that the model might be even more accurate retrospectively
if, for instance, cloud values had been observed at the actual site.
6.2 Night by Night Analysis of Model Performance
For each of the 30 nights considered the following information is
presented in Appendix 2:
(i) An infra-red satellite picture <TIROS-N) taken during the early
afternoon of the 24 hour period considered. These satellite
photographs have been kindly supplied by the Electronic Laboratory
of the University of Dundee.
(ii) The mid-day synoptic chart for the start of the 24 hour period.
The charts are taken from 'weather log' published in the j ournal,
Weather.
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Table 6.1
Actual Versus Predicted Minimum Road Surface Temperatures
Date	 Actual Minimum	 Predicted Minimum	 ATA_P	 Time <0°C
°C	 Time	 °C	 ime	 °C	 Actual Predicted
4.2
1.8
-3.3
-0.7
2.1
.2
1.1
0.3
1.9
2.3
1.6
0.5
1.0
2.3
1.4
2.2
1.6
-2.8
-1.2
4.2
3.6
3.1
3.1
3.1
-0.2
-4.4
4.3
4.1
0.6
31-01F79
01-02F79
02-03F79
03-04F79
04-05F79
05-06F79
06-07F79
07-08F79
08-09F79
09-10F79
10-11F79
1 1-12F79
12-13F79
22-23F80
23-24F80
24-25F80
25-26F80
03-04M80
04-05M80
06-07M80
07-08M80
08-09M80
09-10M80
10-11M80
20-2 1M80
21-221480
-.snsu
01-02A80
02-03A80
03-04A80
3.9 (2100 hr)
1.1 (0800)
-2.4 (0400)
-0.8 (2320)
2.3 (0240)
-1.9 (0440)
2.2 <0220)
-0.6 (0740)
1.5 (0540)
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1.4 2300)
0.6 (0540)
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1.7 (0140)
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3.0 %O3eG)
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4.1 (0300)
2.5 (0540)
(2340) -
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(iii) The actual observed temperature data is given at 20 minute
intervals for the 24 hour period.
Column 1: the motorway surface temperature; TO
Column 2: the temperature at 36 cm below the road surface; T36
Column 3: the air temperature at 2 ma Air
Column 4: the temperature at 18 cm below the road surface; T18
Column 5: the slab surface temperature. Tslab
(iv) The output from the model is given in ten columns which represent
20 minute predictions of:
Column 1 : Solar Time, the first three rows all contain
12.00, these represent 12.00, 12.20, and 12.40
hours respectively;
Column 2 : Sun, the predicted amount of solar radiation
arriving at the road surface;
CoLumn 3	 RN, the predicted net radiation at the surface,
which is positive during the day time, and
negative at night;
Column 4-5: S, the predicted heat exchange with the road
structure below the road surface;
Column 5 : !, the predicted heat exchange with the air;
Column 6 : LE, the predicted amount of evaporation, conden-
sation or sublivation;
Column 7 : TD, the adjusted predicted road surface tempera-
ture. The temperature at noon is adjusted to
the actual observed road surface temperature at
that timeL
Column 8 : TC, the calculated equilthrium surface tempera-
ture;
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Column 9
	
Sum, the accumulated amount of latent heat -
used to calculate when the road dries out;
Column 10: RI, Richardson's number, for a neutral profile
the values should be within the range ±0.01.
(v) A plot of the predicted heat balance. At any one time the sum
of the components equals zero.
(vi) A plot of the actual versus predicted temperatures at 18 cm and
36 cm. If the curves are well matched this means that the damping
depth temperature in the road has been well chosen.
In the text a plot of actual versus predicted road surface tempera-
tures is included to show not only the performance of the model as a
predictor of the minimum motorway temperature, but also to show how well
the model has predicted the diurnal curve. This is important to compare
the actual versus predicted times when the motorway surface temperature
falls below 0°C. The observed air temperatures and slab temperatures
are also plotted for comparison. The input data to the model is also
given above the actual versus predicted graphs. The inputs are self
explanatory except that UA1, and UA2 are the average wind speeds at
20 m for the. times 1200 - 2359, and 0000 - 1159 . hours respectively; and
the TIME WET is given as a number between 1 and 24, representing '0100
to 2400 hours respectively. A value of 0 means that the road was dry.
The angle of declination and radius vector are for the last hour or tne
24 hour period. The model calculates hourly values but only stores the
Latest value, and the graph . is produced by the computer after the cal-
culations have been completed.
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1. 31st January - 1st February 1979
A frontal system giving rain by 2200 hours spread in from the west.
The satellite pictures confirm.that there was extensive cloud over the
region throughout the night and therefore the diurnal range of the road
temperature was only 5.1°C. Figure 6e2 shows that the predicted road
surface temperature is very close to the actual throughout the day.
The plots of actual versus predicted temperatures at 18 cm and 36 cm
are also in good agreement as shown in Appendix 2 • The heat balance
shows that during the night the road was losing heat via net radiation,
evaporation and conduction to the sub-road, and this was balanced by
heat gained from the air. The model also predicts that the road would
have dried out by about 1100 hours on the morning of the first of
February as the frontal system moved away into Europe. Rainfall figures
at Benson show however that any drying out was short lived as a complex
area of low pressure moved in on the afternoon of the 1st February to
give more rain,
2. 1st February - 2nd February 1979
A small but complex low pressure system crossed the area during the
day bringing quite heavy rainfall. Eventually the cloud cleared and the
road temperature dropped to 1.1°C as high pressure pushed in from the
north west. Figure 6.3 shows that the predicted curve follows closely
the actual curve, and that the slab temperature dropped of f quickly atter
about 0500 hours, as the cloud cleared, to drop just below 0°C. This
could have been a dangerous situation had the road temperature dropped
another degree in that the road was still wet after the earlier heavy
rain. The model predicted a minimum of 1.8°C on a wet road which it
predicted to dry out by about 1000 hours.
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DATE:	 31-01 FEBRUARY 1979 	 FIGURE 6.2
DEC:-17.20 R: .985
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DATE:	 01-02 FEBRUARY 1979	 FIGURE 6.3
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The predicted 18 cm and 36 cm temperatures are very good. The
predicted heat balance is complicated in that, due to a high wind,
evaporation was high most of the night which meant that heat from both
the air and the sub-road was needed to balance the evaporation. Note
that condensation was predicted to occur between 1600 hours and 1800
hours when the road temperature dropped below the average air temperature.
In reality that was unlikely as the air temperature did drop below the
road temperature briefly as shown in Figure 6.3. However, the model
uses average air temperatures rather than actual air temperatures.
3. 2nd February - 3rd February 1979
The ridge of high pressure established itself for the 24 hour period
and the road surface cooled steadily all day. The sky was totally clear
from just before midnight to about 0700 hours, however the road remained
dry and in view of the fact that the road was warmer than the air, hoar
frost formation was not a danger. The predicted road temperature
(Figure 6.4) is within an hour of the actual toad temperature falling
below 0°C. However, the predicted minimum is 0.9°C below the actual
minimum.
With a dry road the heat balance is less complicated with the heat
flux to the ground and air balancing the net radiation. The predicted
temperatures at 18 cm and 36 cm are very good.
4. 3rd February - 4th February 1979
The high pressure was gradually squeezed out and rather weak slow
moving fronts approached from the west to bring in plenty of cloud but
no rain. Again the road temperature e],l to zero just before midnight
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DATE:	 03-04 FEBRUARY 1979	 FIGURE 6.5
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(figure 6.5) but the cooling below zero was short lived as the cloud
moved across. The model predicts an earlier fall to zero but the
estimate of the minimum temperature is very good. There was no danger
of hoar frost formation with such cold dry air, and the sudden air
warming just before midnight was short lived. The heat balance is
dominated by exchange with the sub-road, as with little wind the heat
exchange with the air was small. Predicted temperatures at 18 cm and
36 cm are again very good.
5. 4th February - 5th February 1979
An overcast day with only a small diurnal range of the motorway
surface temperature of 4.6°C, as weak, almost stationary fronts dominated.
The temperatures at 18 cm and 36 cm hardly changed all day and the heat
balance is very straight forward. The road temperature began to pick
up late in the morning as the cloud eventually started to clear The
model appears to behave well in overcast conditions (Figure 6.6).
6. 5th February - 6th February 1979
High pressure pushed down over the country from the north and the
sky cleared completely in the early evening. The predicted curve is
excellent, not only in the predicted minimum but also in the time of fall
of road temperature velow 0°C. The air temperature was very similar
àwi wiLli d steaay continuous breeze mixing was sufficient
to prevent the road cooling below the air temperature with the clear
sky. The predicted 18 cm and 36 cm curves are very good and the heat
balance is again straight forward. The slab minimum was -4.5°C which
was 2.6°C colder than the road (Figure 6.7).
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The cloud and wind ere almost identical to the night of the
2nd/3rd February, and there was only 0.5°C difference in the actual
minimum road temperature.
7. 6th February - 7th February 1979
overcast conditions returned as an occluded front moved in from
the south west bringing rain and sleet from 2200 hours onwards. The
road temperature remained well above zero however and the predicted
curve is about a degree too cold for much of the night (Figure 6.8).
The temperatures at 18 cm and 36 cm hardly changed at all, but as the
occluded front went through the air temperature gradually rose. The
heat balance shows that slight condensation is predicted around 0600
hours when the air and road temperatures converged, but in reality
probably evaporation just went down to zero as the humidity increased
to about 100%.
8. 7th February - 8th February 1979
This is an interesting night for analysis as the thick layer of
strato cumulus that 	 overlayed the area broke up in the early hours
of the morning to give sudden cooling and a road surface minimum temp-
erature of -0.6°C (Figure 6.9). The air minimum did drop to -0.1°C but
only for about 20 minutes. The predicted curve only falls to +0.3°C but
:... I'j	 ii.	 ye seen tnat because of the average cloud cover
of 5/8 low from midnight until 0600 hours, and because sunrise was at
just after 0700 hours the model did not have sufficient time to cool
the road to 0.0°C. This is a problem with using average cloud, air
temperatures and wind speeds. When the cloud cleared the wind also
dropped so that the use of an average cloud of 518 low and an average
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DATE:	 07-08 FEBRUARY 1979	 FIGURE 6.9
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wind of 607 cm/s is misleading. If the model is run again with just
1/8 low after midnight the predicted minimum (TC) drops to -0.2°C.
Also, if the average wind for midnight to 0600 hours is dropped to 400 cm/s
the predicted minimum falls to -0.1°C. This shows the value of feeding
in a range of input values rather than just one value for real time
forecasting. It also suggests that, rather than use average values for
the six bour periods, perhaps a linear extrapolation should be used.
For instance, if the cloud at midnight is 8/8 low and by 0600 hours
is 1/8 low then obviously it would be better to use 8/8 low at just
after midnight decreasing linearly until 1/8 low is reached just before
0600 hours. Linear extrapolation of air temperature is being used for
real time forecasting in the West Midlands as discussed in Chapter 8.
This night represents a 'classic' example of the road temperature
taking a sudden dip (when the cloud clears) due to radiational cooling.
The air temperature does not cool so quickly in these circumstances,
as it lags behind the cooling of the ground in the absence of advection.
The temperatures at 18 cm and 36 cm did not change much during the
day, but the predicted curves ar& both too warm by the end of the day,
due to the non prediction of the temperature drop.
9. and 10. 8th February - 9th February and 9th February - 10th February 1979
!th	 -..c	 Luu(J0u1. with a weaJ occluded front more
or less stagnant over south west England. The diurnal range on the
8th-9th was only 4.2°C and that on the 9th-lOth only 3.8°C (Figures 6.10
and 6.11). On both days the predicted diurnal curve is fine and the
temperatures at 18 cm and 36 cm hardly changed at all. In these overcast
situations forecasting is easy! The winds were very strong averaging
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over 1000 cm/s on the 9th-lOth, and this ensured that there was very
little difference at night between the air and road temperatures due to
mixing.
11. 10th February - 11th February 1979
Very strong easterly winds ensured again that the air and road temp-
eratures were similar for much of the night. There was a trace of rain
during the afternoon which, due to the excessive wind, gave tremendous
evaporation for a short period until the road was again dry. The model
assuns that all the precipitation falls at the same time which is
obviously not true, and the dip in road temperature predicted by the
model during the afternoon shows that the model is over estimating the
effect of such a small amount of rain. Nevertheless, the model predicts
a rise in temperature as the road dries out, returning to the actual
surface temperature (Figure 6.12). The temperatures at 18 cm and 36 cm
hardly change at all during the day.
12. 11th February - 12th February 1979
A developing depression over Northern France moved northwards and
brought rain and Bleet by 2000 hours. It remaimd overcast throughout
the night but the wind did lead to some cooling around dawn due to the
advection of cold air from the east. The wind dropped during the night
r	 " the ' mrM,ire. The
actual minimum of 0.6°C with a wet road led to a full salting of the
M4 at around 0400 hours. This is the nearest night to the posathility
of ice formation of the 30 nights considered. The predicted model
minimum of +0.5°C relects well the actual conditions (Figure 6.13).
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DEC:-14.14 R: .987
BOUNDARY CONDITIONS: UA1, UA2: 1089.01021.0 TIME WET: 13
SURFACE TEMPERATURE 'C
20	 ACTUAL VERSUS PREDICTED ROAD SURFACE TEMPERATURE
19
18
17	 .. PREJICTED
18
144
	
.._ACTUAL
11	 - ATh
10
B____ SLAB
-1j
-2
-4-I
-5.4
-84
-7
-8
	
r r r -i	 T --- T 1	 r-r i	 i	 r -r -r r 1 r
0	 2	 4	 6	 8	 10	 12	 14	 16	 18 20	 22 24
NOON	 MIDNIGHT	 TIME IN HOURS
SURFACE TEMPERATURE C
	
20	 ACTUAL VERSUS PREDICTED ROAD SURFACE TEMPERATURE
19
18
	
17	 ____ PREDICTED
16
15
	
14	 ____ ACTUAL
13
12
	
11	 AIR
10.1
9-i
	
B	 I AD
7
6
5
4
3
2
1
0
-1
-2
-3
-4
-6
-6
-7
-8
-9
-10
- 182 -
DATE:	 11-12 FEBRUARY 1979	 FIGURE 6.13
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13. 12th February - 13th February 1979
Again an overcast day with some rain and sleet throughout the day.
The road temperature remained above 2.0°C all night (Figure 6.14), but
the ritorway was salted. The air temperature gradually increased as the
day went on. The sub-road temperatures hardly changed all day and due
to the overcast sky and light winds the heat balance is small.
14. 22nd February-23rd February 1980
Heavy rain fell during the afternoon as a double cold front moved
west to east across the area, pushed by a ridge of high pressure extending
north-eastwards. The peak in the air, road and slab temperatures
between 1500 and 1600 hours suggests that there was a thin wedge of
warmer air between the two cold fronts. The predicted curve is cooler
than the actual road temperature for much of the night but only by
about 1°C (Figure 6.15). The predicted temperatures at 18 cm and 36 cm
are very good and the heat balance is straight forward with evaporation
being reduced as the night continued due to less wind and high humidity.
15. 23rd February - 24th February 1980
Low pressure over the English Channel kept a fair amount of cloud
over the region. The air temperature did drop just below 0.0°C at
A)AA hriw 4, hm inewyifnt, h)* 1-1w j-wj minimum temDerature was 1.7°C.
The predicted maximum temperature was about 3°C tOo high but otherwise
the model performs well (Figure 6.16). The air temperature might have
continued to fall but for the formation of fog due to the high humidity.
Because the road was about 3 9C warmer than the air the heat balance
thows that the road was in fact losing heat to the air from midnight
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DATE:	 23-?kRY_!Q	 FIGURE 6.16
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to 0600 hours. The predicted temperatures at 18 cm and 36 cm are a little
distorted due to the high predicted maximum temperature, but overall
the prediction is fair.
16. 24th Febraury - 25th February 1980
A thick layer of stratus remained until about midnight when the
cloud cleared slightly, as the band of cloud then associated with a
low to the south east, moved northwards • The predicted curve shows a
rise in temperature from about 1400 hours onwards, due to the mode].
predicting the drying out of the road (Figure 6.17). In fact there was
somo precipitation just before midnight but this is not included in the
model, due to problems of modelling more than one precipitation episode.
The model is currently being adjusted to allow the road to be wet at
specific periods of the day. Nevertheless the predicted curve does not
stray far from the actual road temperature curve.
The predicted temperatures at 18 cm and 36 cm are fine.
17. 25th February - 26th February 1980
The ridge of high pressure to the south vest of Britain finally
moved in, and with little wind air temperatures dropped quickly to zero
before midnight. The humidity was very high and fog restricted the
fall in road temperature to a minimum of 2.0°C. The predicted tempera-
ture curve is an excellent fit and, due to the low wind speeds, is not
pulled down by the cold air temperature (Figure 6.18). The heat
exchange with the air is therefore negative throughout the day.
The slab maximum temperature was higher than the road maximum
temperature by 1.7°C, yet the slab minimum temperature was cooler by
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DATE:	 25-28 FEBRUARY 1980	 FIGURE 6.18
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1.2°C. This adds support to the theory that the motorway diurnal
temperature curve is flattened by the effect of traffic. Thus the
ma*imum predicted by the model might be expected to approach the slab
maximum more closely than the motorway maximum.
The predicted temperatures at 18 cm and 36 cm are fine.
18. 3rd March - 4th March 1980
An anticyclone was firmly established over the country giving little
cloud, and wind. The air temperature dropped to -3.3°C but the road
temperature only just fell below zero to -0.5°C. The predicted maximum
temperature is about 7°C too high which suggests that perhaps there
was more than 5/8 medium cloud. The predicted minimum temperature is
much too lor at -2.8°C and this is the biggest residual of the 30 nights
considered (Figure 6.19). If the model is run again taking 1/8 low
cloud between midnight and 0600 hours instead of 1/8 high, then the
predicted minimum is raised to -2.5°C, which perhaps suggests that due
to local topography a value of less than 1/8 low cloud is unrealistic.
The only cloud recorded at Beaufczzt Park and Benson after 1800 hours
was cirrus, but. it was obviously sufficient to prevent considerable
road cooling. The cloud factors in the model perhaps need to be re-
examined for high cloud, although traffic of course is a complicating
factor that makes it difficult to speculate the full cooling under high
cloud, conditions.
The amplitudes of the predicted 18 cm and 36 cm curves are greater
than the actual curves due to the large predicted amplitudes of the road
surface temperature. However the curves do not significantly differ.
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The terms in the heat balance equation are much bigger at this time
of year. Values of Richardsons Number exceeding ±0.01 are observed
during the day, which strictly speaking means that a neutral profile
did not exist above the road. However the values are still small and
at this time of year there is little chance of the motorway causing
convection.
19. 4th March — 5th March 1980
The anticyclone moved eastwards and a belt of cloud associated with
a frontal system moved in from the west. The cloud did not reach south
east Hngland until just before dawn however, by which time the minimum
air temperature had dropped to .2.2°C. The road temperature stayed just
above zero with a minimum of +0.4°C (Figure 6.20). The model predicts
a minimum of -1 .2°C which represents the second prediction of the 30 nights
considered when the actual and predicted road temperature are on either
side of 0°C. The slab minimum temperature was -0.5°C but the effect of
traffic alone cannot be expected to explain such a relatively warm
minimum road temperature. A sensitivity analysis reveals that the model
predicts a minimum below zero even if the cloud is considered to be all
Low cloud throughout the night (4/8M, 4/8L, 4/8L, 7/BL . gives a predicted
minimum of -0.9°C). The cloud had cleared completely at both Beaufort
Park and Benson by 0300 hours • It is inevitable that with a mean
wr cif fl.FS0( tha prediction will, be on the wrong side of
0°C on some occasions I The predicted temperatures at 18 cm and 36 cm
are both generally too cold due to the predicted surface curve being
too cold for most of the day. The evidence suggests that the night time
cloud inputs to the model are probably better set at low cloud rather
than at medium or high due to the effect of topography and traffic.
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DATE:	 04-05 MARCH 1980	 FIGURE 6.20
DEC: -5.89 R: .992
BOUNDARY CONDITIONS: UAI.UA2: 426.0 575.0 TIME WET: 0
	
1200	 1500	 1800	 2400	 0600
TO'C	 13 1
T18'C	 6 2
T38'C	 8.0
TA'C	 8.7	 7.9	 2.0	 -1.2	 3.7
RHF	 .61	 .60	 .75	 .85	 .81
CLOUD	 4	 4	 3	 7
	
LOW	 MED	 MED	 LOW
NOON	 MIDNIGHT	 TIME IN HOURS
- 194 -
20. 6th March - 7th March 1980
A wet day with first an occluded front and then a cold front moving
from west to east across the country. The passage of both fronts is
clearly shown by the air temperature trace in Figure 6.21, the air
temperature rising to about 11°C in the early evening and falling sharply
by about 2°C just after midnight. Because of the precipitation and high
winds the road temperature followed the air temperature clearly, and the
predicted road temperature. curve is quite good. The model predicts that
the road would have dried out by about 0300 hours which, of course, is
unlikely due to the passage of the coLd front. If the model had kept
the road wet, no doubt the predicted minimum could have been closer to
the actual minimum. The predicted temperatures at 18 cm and 36 cm are
fine until the road is predicted to dry out.
21. 7th March - 8th March 1980
Another wet day with a complex area of low pressure over south east
England moving across to the continent. As for the previous day the
predicted road temperature is fine (Figure 6.22). The model predicts
that the road dries out very quickly - by about 1600 hours, due to the
high wind. This quick drying is confirmed by the slab wetness meter
which appeared to dry out by about 0200 hours, the increase in tempera-
tures from that time onwards was probably due to an. increase in cloud
associated with the next frontal system moving in from the west. The
predicted temperatures at 18 cm and 36 cm are fine.
22. 8th March - 9th March 1980
The frontal system that crossed the country during the day did not
bring with it any rain. The maximum road temperature at about 14°C was
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DATE:	 07-08 MARCH 1980
___	 ____-	 FIGURE 6.22
DEC: -4.73 R: .993
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about 5°C greater than the maximum air temperature (Figure 6.23). The
model predicted road surface temperature curve is very good apart from
the predicted maximum. The 618 strata cumulus that covered the site
for much of the night and. morning is clearly shown as broken cloud in
the satellite photo for 1443 hours on the 9th March.
23. 9th March - 10th March 1980
The broken stratocumulus and cumulus continued through the after-
noon and evening before an occluded front moved through from the west
in the early hours of the morning. The air temperature picked up
quickly from around 0200 hours. The predicted road minimum is lower
that the actual road minimum as the average cloud for the period mid-
night to 0600 hours was 6/8 low whereas the sky was overcast for much
of the period. The predicted curve is remarkable for the surface
(Figure 6.24) and for 18 cm and 36 cm is good.
24. 10th March - 11th March 1980
The occluded front quickly moved east to be followed by clearer
skies and then an approaching warm front. The road remained dry
however, and the predicted road temperature curve is very good, the.
predicted minimum being within 0.1°C of the actual minimum (Figure 6.25).
Consequently the predicted 18 cm and 36 cm temperatures ace fine, and
lij. ) p ,,t hI1RnCe is uncomplicated.
25. 20th March - 21st March 1980
A strong, cold, easterly aij stream with Little cloud gave a difference
of more than 9°C between the maximum air and road temperature (Figure
6.26). The predicted road temperature curve does not give as high a
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maximum as the actual road despite the relatively large influx of solar
radiation at this time of year. The reason is due to the relatively
large predicted heat exchange with the cold air. Such a large tempera-
ture gradient between the road and air is a product of the wind
direction. The M4 at the site runs from roughly ESE to WNW so that a
strong easterly wind means that the air temperature instrument measures
the air temperature before the air has passed over the warm road. During
the months of December, January and February when the road maximum
temperature rarely reaches 10.0°C the effect of wind direction on the
difference between road and air temperature is not Likely to be large.
During the rest of the year when the road maximum is much higher than
the air maximum due to the direct absorption of solar radiation by
the surface, then wind direction is Likely to be more important. This
was discussed in more detail in Chapter 4.
The actual road temperature fell to 0°C just before midnight and
then rose as cloud increased due to an approaching.cold front. The
predicted curve fails -' 0°C at about 2100 hours and stays just below
until 0600 hours. The predicted minimum is excellent, but the duration
below 0°C is poor. As the road was dry this would hot have presented
any problems. In reality the movement of the cold &ont was unpredictable
and the Met.ero logical Office forecast a minimum road surface temperature
of -6.0°C!
The predicted 18 cm temperature is rather too cold at first but
is treasonable during the night. The predicted 36 cm temperature is
quite good.
-26. 21st March - 22nd March 1980
A weak dry cold front crossed the region during the day and the sky
cleared quickly shortly after midnight to give a road surface minimum of
-2.8°C at 0600 hours. The model predicts a minimum of -4.4°C and this
night is the subject of the sensitivity analysis in the last Chapter.
The predicted curve is good in terms of the time of falling below 0°C,
but, as can be seen from Figure 6.27, it falls too low after midnight.
Perhaps more than 1/8 low cloud was present after midnight. The predicted
18 cm and 36 cm curves ace fine and the heat balance suggests that a
small amount of hoar frost might have been deposited. Because the road
was dry there was no danger of ice formation.
27. 22nd March - 23rd March 1980
The air temperature remained cold for much of the day but began to
increase after midnight as the cloud associated with a depression moved
in from the west. The predicted curve is very good for both the maximum
and minimum road temperature (Figure 6.28). The heat balance was straight
forward, and the 18 cm and 36 cm predicted temperatures are fine.
28. 1st April - 2nd April 1980
The cloud associated with a deep depression to the north of Scotland
brought some quite heavy rain, but by late evening, the sky cleared and
an anticyclone established it influence over most of Britain. Because
of strong winds the model predicts that the road would have quickly dried
out, before 1900 hours, which is a little premature in view of the fact
that the rain at Benson did • t stop until about that time. Nevertheless
'the slab did appear to dry out by about that time, and the predicted
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temperature curve is quite good (Figure 6.29). The air temperature
remained quite warm in the night and therefore despite the clearing
cloud the road temperature stayed well, above 0°C. The predicted
temperatures at 18 cm and 36 cm are fine.
29. 2nd April - 3rdApril 1980
A fairly bright day under the influence of the anticyclone with
reports of cumuloninibus at Benson during the afternoon. The predicted
curve is very good for both the maximum and minimum road temperature
(Figure 6.30). The road was dry so that the heat balance is straight
forward, and the predictions for 18 cm and 36 cm are fine.
30. 3rd April - 4th April 1980
The anticyclone persisted to give a road maximum temperature of plus
20°C. The predicted curve is too low during the night however probably
due to the cold air temperature and the lack of cloud (Figure 6.31).
The heat balance and temperatures at 18 cm and 36 cm are fine.
6.3 Overall Performance of the Model
Retrospectively, the model provides a very good guide to the observed
diurnal curve of road surface temperature. Neverthele6s there are still
many features of the model that require further investigation and possible
4
a
6.3.1 Use of Average Input Values
The use of average air temperature, windspeeds and cloud amount
mean that the diurnal. curve is stepped, at 1500, 1800, 2400 and 0600
hours as the input values change. The most notable effect is at 0600
- 207 -
DATE:	 01-02 APRIL 1980	 FIGURE 6.29
DEC: 5.08 R: 1.000
BOUNDARY CONDITIONS: UAI,UA2: 765.0 B27.O TIME WET: 13
1200	 1500	 iaoo	 2400	 0600
TO'C
T18'C
T38'C
TA'C
RHF
CLOUD
12.8
12.3
9.5
9.7
.72
7
LOW
8.5	 5.7	 4.5
	 8.0
.92	 .90	 .88	 .77
6	 1	 3
LOW
	
LOW
	
LOW
SURFACE TEMPERATURE 'C
	
20.	 ACTUAL VERSUS PREDICTED ROAD SURFACE TEMPERATURE
19.
18.
	
17.	 _	 PREDICTED
16.
	
: A	 ACTUAL
	
11.	 \	 ...	 . AlA
	
B.	 ___ SLAB	 Zil
	7	 / --
	
.	 .	 I	 I	 I	 I	 I	 I	 I	 I	 I	 I	 I	 I
0246	 Bi012i418	 18 20	 22	 24
NOON	 MIDNIGHT	 TIME IN HOURS
/
ACTUAL
-.	 .. AIR
LAB
0	 12	 14
MIDNIGHT
8	 18 20 22 24
TIME IN HOURS
- 208 -
DATE:	 02-03 APRIL 1980	 FIGURE 6.30
DEC: 5.47 R: 1.000
BOUNDARY CONDITIONS: UAI,UA2: 705.0 501.0 TIME WET:
	
1200	 1500	 1800	 2400	 0800
TO'C	 17.4
T18'C	 10.0
T36'C	 8.1
TA'C	 11.2	 11.8	 7.2	 4.5	 8.7
RHF	 .60	 .53	 .74	 .91	 .84
CLOUD	 5	 4	 1	 2
	
LOW	 LOW	 LOW	 LOW
SUP E TEMPERATURE 'C
	
20.	 A TUAL VERSUS PREDICTED ROAD SURFACE TEMPERATURE
ii
11. ,'
10.
9
B
7
B
5
4
3
2
1
0
-1
-2
-3
-4
-5
-8
-7
-8
-9
-10
	
0	 2	 4
NOON
0
8.1	 .8	 5.8
.73	 .90	 .83
1	 1	 2
MED
	 HIH
	
HIH
- PREDICTEL)
ACTUAL
.--	
1.
AIR
SLAB
- 208a -
DATE:	 03-04 APRIL 1980	 FIGURE 6.31
DEC: 5.85 R:1.000
BOUNDARY CONDITIONS: UAI.UA2: 355.0 281.0 TIME WET: 0
1200	 1500	 1800	 2400	 0800
TO'C
T18,C
T36'C
TA'C
RHF
CLOUD
19.5
10.8
8.7
10.7
.80
5
LOW
10.9
.52
SIR	 T MPERATURE C
	
20	 VERSUS PREDICTED ROAD SURFACE TEMPERATURE
19
18
17
18
15
14
13
12
	
11	 .--\	 ..,---...
10
	
9	 \
8
7
B
5
4
1
0
-1
-7
-8
-9
-10
0
NOON
O	 12	 14	 18
MIDNIGHT
LB	 20	 22
TIME IN HOURS
- 209-
hours when the average air temperature for the period 0600-1200 hours
is introduced. This average temperature is almost always warmer than
the air temperature for the period 2400-0600 hours and hence the pre-
dicted minimum road temperature is almost always at 0540 hours. It
might be better to take averages over different six hour periods in an
attempt to straddle the period around dawn which is normally the coldest
time. However, Table 6.1 shows that the actual minimum road surface
temperature was rarely at or near dawn. On only 2 nights out of 30 was
the actual minimum after 0540 hours. This is due to our ever changing
weather and to the lack of clear nights in the observation period, and
also, perhaps, to the increase in traffic well before dawn in winter.
The likely effect of traffic on road surface temperatures has not, of
course, been built into the model. For real time forecasting this
problem has been overcome by linearly extrapolating the air temperatures
between forecast values. This is fine, unless the minimum air tempera-
ture is at a significantly different time from the forecast time.
6.3.2 The Likely Effect of Traffic on Road Surface Temperatures
Very littl.e research has been done on the effect of traffic on
road temperatures. Sorbjan (1976) has theoretically estimated that
the contribution of traffic to the eddy transfer in. the boundary layer
is proportional to the traffic density, multiplied by the mean vehicle
-	 speed cubed. He has not presented any empirical evidence however, to
compare this with actual observations. Traffic will effect
parameters other than the tuibulent heat exchange with the air. Tab.e
6.2 lists the likely influences of traffic on road teznperatues in
winter. The List is speculative and, generally speaking, the influence
o the traefic vii]. depend upon the temperature gradient between the air
Increase
Inciease
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Table 62 The Likely Effects of Traffic on the Components of the Heat
Balance Equation in Winter
Effect on T	 Effect on Tj
. I RN	 (i) Prevents solar radiation 	 Decrease	 Very Little
reaching surface
Increase
Increase
Decrease
Increase
Decrease
(ii) Prevents terrestrial
radiation escaping from
surface
(iii) Gain of longwave from
hot parts of vehicle
B. H	 (i) Increased mixing
Ui) Air warmed by engines
and exhaut
(iii) Roughness length
increased
Increase
Increase
Depends on
ATA_R
Increase
Depends on
ITA_R
C. S	 (i) Conduction from warm
tyres
D. LE	 (i) Increased splash
and turbulence will
dry out road
Increase
Increase
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and the road, and the existing wind field. As far as the maximum road
temperature is concerned referring to Table 6.2 it is likely that
effects A(i), B(ii) and B(iii) that tend to decrease the maximum are
probably greater in influence than the other effects put together, such
that the maximum is lowered. During the day time normally the road
is warmer than the air and increased mixing will reduce that temperature
difference. The minimum road temperature will, be increased most of all
by A(ii), but most of the factors tend to offset cooling. Increased
mixing by traffic may help to offset cooling by preventing the formation
of ground inversions over the road, and mixing down warmer air.
Traffic density usually varies more than traffic speed, and hence
the influence of the traffic will be most dependent on traffic density.
The density varies diurnally but for the 144 traffic is considerable for
most of the 24 hour period. Further research is required to see if
there is a quantifiable relationship between road temperature and
traffic density. Research outlined in the next chapter using infra-red
thermal mapping of road surface temperatures has revealed differences
of up to 2°C between the slow and fast lanes of motorways - presumably
due to differences in traffic density.
6.3.3 The Effect of Precipitation
The model used for this chapter is designed to give three choices
of input for precipitation, but only one time of coimnencement is possible.
Bence, if for instance two fronts with associated rainfall pass over
the site, it is not possible to include them both. Nor is it possible
to state that the road will remain wet all. day regardless of air tempera-
ture or wind, which of course it might if the precipitation continues.
This has been modified for real time forecasting.
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The temperature of the precipitation can also have an effect on
the road surface temperature. This is most notable in summer when
temperature falls of more than 20°C on the commencement of precipitation
are not uncommon. In winter however the temperature differences between
the surface and the air are not that great and differences of only one
or two degree centigrade are found. Sugrue (1980) has examined this
problem in more detail.
6.3.4 Latent Heat Release with the Formation of Ice
Unfortunately, of the 30 nights considered there was not one occasion
when the road was wet and the road temperature fell below 0°C. Hence
the empirical nature of the calculation of the latent heat release due
to the freezing of surface water has not be.-tested, and is
no longer used. Any heat given out by the freezing of surface
water would of course be balanced by heat taken in when the surface ice
melts.
As far as winter maintenance is concerned the model has done its
job if it predicts that the road surface temperature will, fall to 0°C
when it is known that.the road is wet or likely to be wet. The extent
to which the road temperature falls below 0°C, or when the road temperature
rises back above 0°C is not so important.
'ir ;--i- r.-maf4nn
A weakness of the model as far as winter maintenance is concerned
is that although the model can predict hoar frost formation, it is not
likely to predict as much as is actually formed due to the use of average
air temperatures and hence an average dew point between midnight and
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0600 hours. When the model is used for real time forecasting the humidity
is calculated every hour and the dew point is recalculated to overcome
this problem. Further investigation is required however to determine
how much hoar frost is formed on the road surface with different humidity
and air temperature gradients. Also the effect of hoar frost on the
skid. resistare of road surfaces requires further analysis. Thornes (1973)
shows how heavy deposits of hoar frost can be compacted into ice by
traffic, but that the formation of hoar frost is impeded by traffic.
Thus the timing of the hoar frost formation is important. Hoar frost
formed in the early hours of the morning can be compacted by rush-hour
traffic into ice, whereas hoar frost might not form at all if the
traffic is above a certain density.
6.4 Potential of the Model for Real Time Forecasting
The testing of the model in real time is discussed in the next two
chapters. The model has been designed as a practical aid to the weather
forecaster who issues Road Danger Warnings. The sensitivity analysis
carried out in the last chapter showed that the predicted minimum road
surface temperature is very sensitive to errors in the input values, such
that the difference	 between a "pessimistic" and an "optimistic"
forecast is as high as 4.8°C for the 21/22 March 1960. The problem for
the forecaster who has to predict the correct inputs for the model up to
)4 hriir hp d are great, and to some extent the problem is catch-22.
The air temperature is dependent upon the surface temperature and yet
we have to use a forecast air temperature to predict the road temperature.
A similar problem was encountered when trying to fix the optimum atmos-
pheric damping depth in that the damping depth varies with wind speed, and
hence one does not know the optinwm height at which to measure the wind
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until one has measured it! As far as real time forecasting is concerned
one has to make assumptions and monitor the performance of the model
with these assumptions in mind. Hence an element of empirical tuning of
the model is inevitable, as a complete physical understanding of the
heat balance of a road surface is not yet possible. A true test of the
model can only be accomplished in real time to see whether or not the
model can out-perform the local forecaster who at present issues far too
many Road Danger Warnings. The model is currently being tested in real
time using data from 3 motorway sites in the West Midlands as described
in the next two chapters.
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CRAPPER 7 REAL TIME FORECASTING FOR THE M5 MORWAY
7.1 Introduction
Having calibrated and tested the prediction model presented in
earlier chapters using data collected from the M4 motorway, the possibility
of testing the model in real time came to fruition during 1982, when
three sites were installed on the motorways of the West Midlands as part
of a research grant from the Transport and Road Research Laboratory.
The system installed was bought commercially from Eagle International
Systems Limited who import most of the 'SCAN- 16' equipment from Surface
System Incorporated, St. Louis, in the United States of America. The
experience of installing the site on the 144 was invaluable in deciding
upon the configuration of the three sites, two of which were fully
operational for the winter of 1982/83. This chapter presents the results
for 80 real time forecasts of road surface temperature during that winter.
It also presents the results of the monitoring of Road Danger Warnings
issued by Elmdon Weather Centre and subsequent salting action by
Hereford and Worcester County Council. This is the first time that such
a monitoring exercise has been undertaken in Britain. Although it has
been possible to test the reliability of the commercially installed
Scan equipment, a detailed 'field test' of this equipment is not the
purpose of this chapter, which is to show how well the prediction model
_u	 t.,	 waiva to the ItOdu lJdIlger karni.igs issuea øy
Elmdon Weather Centre.
7.2 The Three West Midlands Motorway Sites
Figure 7.1 shows the location of the three sites that were chosen
from a list of 10 cold spots in the West Midlands picked out by local
maintenance engineers. Some of the 10 sites were unsuitable because of
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projected resurfacing work, and others because of the problem of
supplying power and telephone cables to each site. In the past it has
often been a 'rule Of thU1D' . put sensors&tcold spots on a road network.
This can lead to oversalting if it is not known how much colder these
sites are than the rest of the road system. If a thermal map of road
surface temperatures is available then the choice of sites becomes less
critical, and the cheapest or most convenient sites for power and
telephone lines can be selected. The three chosen sites for this study
were recognised cold spots in an arc around Birmingham. Subsequent
thermal mapping has confirmed these cold spots and it could be argued
that only one site is necessary for the whole of the West Midlands now
that the thermal map is available. However the sites are not reliable
enough to be left in isolation and experience has shown that the spacing
of sites chosen is about right. Too many sites can lead to the maintenance
engineer being swamped by information. Too few sites can lead to
problems if sites are out of action for long periods due to perhaps a
telephone line failure.
The problems in choosing representative sites are numerous, however
with the advent of thermal mapping, using a vehicle mounted infra-red
thermometer, it should be possible to not only find suitable sites but
also to reduce the number of sites needed (Sugrue, Thomas and Osborne
1983). As can be seen from Figure 7.1. the motorways around Birmingham
pass through both rural and urban areas • The population of the West
Midlands conurbation is just over 2.5 million. Oke (1973, 1981) has
shown that the maximum size of the urban heat for a European city is
approximated by
Tu_r(max) = 2.01 log P -4.06
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For a population of 2.5 million this gives a maximum heat island
intensity of 8.8°C which confirms that the maximum observed intensity of 9°C
for Birmingham reported by Unwin (1980) for the 10 year period 1965-1974.
The stretches of motorway considered in this chapter do not go
through the centre of Birmingham, but undoubtably on nights when the heat
island develops we would expect a thermal influence on the urban stretches.
Unwin (1980) shows that the nocturnal heat island is at its weajcest in
winter, and so the warming effect on road surface temperatures is not
likely to be more than a degree or two. This is being examined in more
detail by Sugrue (NERC Studentship to construct thermal maps of the
motorways in the West Midlands).
The three chosen motorway sensor sites are:
7.2 • 1 Chapman's Hill MS
The MS south west of Birmingham climbs steadily from Worcester to
cross the Clent/Lickey ridge at a height of just over 250 metres. Chaznam's
Hill presents a steep climb to the top of the ridge and the instrumented
site is on a cutting exposed to the west approximately a kilometre from
the top of the hill at a height of 200 metres. This stretch of motorway,
as far north as Junction 3 on the M5, is maintained by Hereford and
Worcester County Council from the maintenance depot at Lydiate Ash. The
aOJ.oI..D uZ a Uu.ee icUa I4uaJ. aLLidgeWdy dilu ine bu.rtace sensors
are installed in the slow and fast lanes of the north bound carriageway,
as shown in Figure 7.2. The surface sensors measure road surface tempera-
ture at about a millimetre below the surface, and also the conductivity
between two metal pins flush with the surface. Figure 7.3 shows the
dimensions of the sensor and Figure 7.4 shows the installation of a sensor
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at a depth of 40 cm. At the side of the motorway air temperature and
humidity are measured, as well as wind speed and direction at a height
of 2 metres. The instruments are interrogated by a microprocessor
contained in a weatherproof box off the motorway. At preset intervals
a microprocessor housed in the Meteorological Services Unit at Birmingham
University dials up the microprocessor on site using an auto-dialling
modem. The data is sent to the University every hour or every half
hour depending upon preset instructions, and is shown on a visual
display unit, and stored in the microcomputer. The site can be called
from the University at any time but the computer is normally left to
dial automatically.
This was the first site to be "switched on" during May of 1982
giving a full set of observations during the winter of 1982183. These
will be discussed in detail below, but it should be mentioned that this
is the only site where the slow and fast lanes are instrumented, however
for convenience the lanes will be compared as slow and fast on the other
two sites as well. The results show that there canbesignificant diffezences
in temperature between the two lanes due to the differing frequency of
traffic. The slow lane is warmer than the fast lane most of the time
in winter.
7.2.2 Ray Hall M5/M6 Interchange
The M5/M6 interchange at Ray Hall was chosen because of the exposed
nature of its fly-overs and elevated sections. The south bound link
between the MS and 146 climbs to approximately 15 metres above the ground
in a two-].aned elevated section and is instrumented at its highest point
with a sensor in both lanes. This gives a total altitude of 122 metres.
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A sensor at depth was not possible, but this elevated section gives a
useful comparison with the normal carriageway site at Chapman's Hill..
Unfortunately due to an administrative error, the Department of Trans-
port did not tell us that this section of road was due for resurfacing
during the Autumn of 1982 and the sensors were lost before they were
even connected up! They were replaced eventually but did not provide
any data until February 1983. One of the sensors is still not working
properly due to the singeing of its connecting cable. Therefore, it is
only possible in the outside lane to measure either surface temperature
or wetness. However because the traffic on both lanes is heavy there
is not likely to be as marked a difference between the two surface temp-
eratures as at Chapman's Hill.
This seàtion of the motorway is maintained by West Midlands County
Council from their depot at Castle Bromwich.
7.2.3 Coleshill M42
The 1442 is the link motorway between the MS and U6 to the south
of Birmingham. However, it is not yet complete and consequently carries
little traffic in comparison to the MS and M6. Also this area to the
south east of Birmingham Airport and Solihull is in a "frost hollow"
associated with the shallow vaLley of the river Blythe. Hence the 1442
is much colder than the heavily trafficked M6 and indeed this is recog-
nised by West Midlands County Council who spread twice their normal
salt application upon it. The Sensors are placed on the slip road to
the MG at a point where the three lane carriageway reduces to two lanes
for the slip road at a height of 100 metres. The sensors are in the
slow and middle lane and the fast lane is coned off. Beneath the sensor
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in the middle lane the temperature at a depth of 40 cm is also measured.
This slip road is maintained by Warwickshire County Council and hence
each of the three sites is maintained by a different County Council.
This has been beneficial in that all three counties have been able to
see the system in action.
The M42 site provided data throughout the winter of 1982/83,
which means	 that a detailed comparison between the observations from
it and the 145 site is possible.
7.3 Comparison of Observations Between the Three Sites
As mentioned above,data from the Ray Ball site did not become
available until February 1983, nevertheless a useful comparison of
observed minimum road surface, and air temperatures can be made as shown
in Table 7.1. The nights between 30th September 1982 and 30th April
1983 have been considered, but as can be seen from the table some data
was lost from each sensor due to various communication breakdowns. On
average it can be seen that the slow lanes are warmer than the fast
lanes by 0.55°C for the M5, and by 0.42°C on the M42. This is due to
the effect of traffic keeping the slow lanes warmer, and because the
MS is busier than the 1442 the difference is greater on the 145. This
average difference between the lane minimum temperatures of about 0.5°C
may not seem great but it is significant, as Table 7.2 shows. On
individual nights the difference can be up to 2°C, and on several occasions
the slow lane sensor stayed above freezing, whereas the fast lane sensor
dropped below.
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Table 7.1 Mean Minimum Teneratures October - April 1982/83 for the
Three Sites
Sensor
MS Slow
MS Fast
MS Air
MS 40 cm Depth
No. of Nights Mean
187	 3.01
184	 2.46
188	 2.81
203	 6.59
Stand. Deviation
3.98
3.82
2.52
2.87
4.04
4.09
3.86
3.14
M42 Slow
M42 Fast
M42 Air
M42 40 cm Depth
145/M6 Slow
M5/M6 Fast
M5/M6 Air
	
184	 2.71
	
188	 2.29
	
178	 3.09
	
200	 6.73
	
45	 3.26
	
45	 3.06
	
45	 3.39
3.07
2.98
2.35
Table 7.2 Comparison of Minimum Lane Temperatures Usina a Paired
t-Test
Paired t-Test
Between
M5 Fast-MS Slow
MS Fast-M5 Air
1442 Fast-M42 Slow
1442 ast-M42 Air
No of Value Qf t
Observ.
183	 14.6
184	 4.4
183	 12.7
(77	 8.9
Significance
level
0.001
0.001
0.001
0.001
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As far as the maintenance engineer is concerned it is the temperatures
in the fast lanes that he is most interested in, as they are the coldest.
As far as the meteorologist is concerned it is perhaps the difference
between the minimum air and minimum road temperature that has caused
most interest. On average the slow lane on the MS was warmer than the
air temperature by 0.2°C, a result which confirms the findings for the
M4 discussed earlier. Both the M4 and the MS are heavily trafficked
even at night. However the average air temperature for the M42 was
warmer than the M42 fast lane by 0.4°C, which shows that for lightly
trafficked roads indeed the surface is colder than the air. The sub-
tracted difference between the minimum road and air temperatures for
the M5 and M42 sites are shown in figures 7.5 and 7.6 respectively.
It can be seen that the difference DT(A-R) varies with season and is
at a maximum towards the end of January. The relationship appears to
be sinusoidal, which confirms the findings of Parrey (1969), Ritchie
(1969) and Hay (1969). Hay, in the only study of the three that con-
sidered a trafficked road, concluded between mid-November and mid-
February that there is no significant difference between the minimum
road and air temperatures. His results are based on observations from
the heavily trafficked slow lane of the Ml near Newport Pagnell, and
the results for the M5 slow lane presented here are very similar.
However on individual nights the difference between the minimum air and
fast 1an	 i iriilitd.nt and averages	 can be misleading.
Parrey (1969), for an untrafficked concrete road has related
observed DT(A-R) to the length of night in hours Ct):
DT(A-R) = 0,28t -2.9
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The length of night obviously relates to the time available for out-
going terrestrial radiation, but on the other hand, the longer the
night the more the flow of heat from below the surface which balances
the radiation loss.
Ritchie (1969) used Fourier analysis to give the equation of line
of best fit for DT(A-R) plotted against day of the year where 365 days
is conveniently assumed to be close to 360 degrees. The data was for
an untrafficked bitumen slab, and the equation is:
DT(A-R) = 0.48 + 1.22 sin x
The maximum value is therefore when sin x = 1, i.e. when x = 90. Day
1 is assumed by Ritchie to be the first of October and hence the maximum
is at the beginning of January, and the minimum at the beginning of
July when sin x = -1. A similar equation has been derived for both the
MS and the M42:
DT(A-R)M5 = -0.24 + 1.1 sin x
DT(A-R)M42 = 0.24 + 1.2 sin x
The equations are very similar in form and hence the shape of the curves
e almost identical to Ritchie' S curve, however the intercept is
different. It seems that the more heavily trafficked the road surface
th	 "r th	 ju Li&e y axis.
Why should this relationship be sinusoidal? Is it because of the
length of night or are there any other factors that vary seasonally?
An important factor must be the temperature at depth in the road, and
for the MS and M42 we have observations at 40 cm. Figures 7.7 and 7.8
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show that the temperatures at 40 cm also appear to vary sinusoidally
but in opposite phase to DT(A-R). Thus as the temperature at 40 cm
drops as the winter progresses so DT(A-R) increases. The equations
for the seasonal change in the temperatures at 40 cm are as follows:
T(M4 40 cm) = 7.9 - 2.62 sin x
T(M42 40 cm)= 8.3 - 3.13 sin x
Thus it can be supposed that as the reservoir of heat stored, in the
road is reduced as the winter progresses so the minimum road surface
temperature is reduced, and DT(A-R) becomes greater. More detailed
research is required however to finalise this argument. Another
important factor that may account for variations in DT(A-R) on a given
night is wind speed as discussed in Chapter 4. The greater the wind-
speed, the more the mixing, and one would therefore expect that the
difference in temperature between the road and the air would be less.
Unfortunately windspeed was rot rerded at the sites during the winter
of 1982/83, although wind sensors have now been installed. Therefore
using wind speeds from Birmingham University the correlation between
DT(A-R) for the MS is 0.057, and for the M42 is 0.131; neither of which
are significant. Thus it seems that wind speed may not be a controUing
factor in the size of DT(A-R), but further research is required.
Wh	 ii.. t iiirences beteen the MS and M42 sites it was
hypothesised that due to the effects of altitude, the P142 site would
be colder on calm clear nights due to the pooling of cold air; and that
the MS site would be coldest on windy nights due to its greater altitude.
Figure 7.9 shows a plot of the absolute values of DT(M5 fast-M42 fast)
against windspeed. The correlation coefficient is -0.228 which is
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almost significant at the 1% Level. Hence windspeed seems important
in determining the difference in temperature between the sites. On
windy nights the difference is Less, as would be expected. Wind.
direction might also be important in that advection from Birininghaii' S
heat island might cause one of the sites to gain heat. Figure 7.1.
showed that the MS site is to the south-west of the city whereas the
M42 site is to the east. With an easterly airsteam one would expect
that the MS site should be warmer, and with a westerly wind the reverse.
A northerly airstream might also keep the MS site sLightLy warmer than
the 1142 for similar reasons. Three periods during the winter when the
road minimum temperatures were below zero, illustrate this hypothesis;
the fizst was a westerly airstream in late December; the second period
was a dominant easterly flow, the third a dominant northerly as shown in
Table 7.3.
These three periods confirm the hypothesis, that for 'coj.,d nights
it can be accepted as a rule of thumb that under cyclonic westerly
conditions the MS is likely to be coldest, whereas with anticyclonic
northerlies and easter].ies the M42 is likely to be coldest. However
it must also be remembered that on wet nights the temperature difference
between the sites is likely to. be less, and hence in cyclonic conditions
with associated fronts the differences are likely to be small. For the
whole winter the situation is more complicated.. Out of the 179 nights
when figures are available for both sites, the MS was colder than the
M42 on 50 (28%) nights, warmer on 83 (46%) nights and the same on 46
(26%) of the nights. Thus roughly speaking M42 is colder on about
half the nights, the MS is the same or colder on the other half.
Table 7.4 groups the DT(M5-M42) d4ta according to Lamb's (Lamb 1972) weather
types (taken from Climate Monitor) for each night. Tambs weather types
have been simplified to just the 7 categories given.
8
6
11
12
11
9
8
-0.6
-7.7
-2.7
-0.5
-.4.9
-6.6
-4.4
-4.4
-6.0
-1.6
-0.5
-3.8
-3.8
-3.3
1.6
1.7
1.1
0.0
1.1
2.8
1.1
0.0
-1.1
-6.0
-4.4
-2.7
22
15
12
hi.
13
0.0
-1.1
-5.5
-2.7
-2.2
0.0
0.0
0.5
1.7
0.5
12-13F
13-1 4F
14- 1SF
15-16F
16-1 7F
17-1 8F
18-1 9F
06-07F
07-08F
08-09F
09-1OF
10-hF
nor-west
nor-west
east
east
east
east
east
north
north
north
north
north
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Table 7.3 Wind Direction Versus DT(M5 fast-M42 fast)
Date
17-18D
18-1 9D
21-22D
22-23D
23-24D
27-28D
MS fast M42 fast DT(M5-M42)
Mm.	 Mm.
-2.7	 -2.2	 -0.5
-3.8	 -3.3	 -0.5
-3.3	 -2.7	 -0.5
-44	 -3.8	 -0.6
-1.1	 0.5	 -1.6
-1.1	 0.0	 -1.1
Wind Dir.
dominant
west
west
nor-west
west
west
west
Windspeed
m.p.h.
11
18
15
10
Ii
12
Table 7.4 Lamb's Weather Type Versus DT(M5-M42)
Weather
type
Cyc ionic
Anticyclonic
Northerly
Easterly
Southerly
Westerly
Unclassified
Number of Nights DT (MS fast-M42 fast)
+ve	 -ye	 same
21(39%) 18(33%)	 15(28%)
23(64%)	 8(22%)	 5(14%)
6	 7	 3
0	 2	 2
10	 3	 6
20(45%) 11(25%) 	 13(30%)
3	 1	 2
Total
54
36
16
4
19
44
6
Total =	 179
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This confirms that DT(M5-M42) is much more likely to be positive
during anticyc Ionic conditions, and that the situation is more com-
plicated during cyclonic and westerly conditions.
The data for the M5/M6 interchange given in TabLe 7.1 is for the
period from the middle of March to the end of April and hence the
averages are not comparable with those for the MS and M42.. Table 7.5
therefore gives the comparable averages for those 45 nights or all
three sites. At this time of year it seems that the M5JM6 site is
warmer than the other two sites for all three sensors. It seems that
the elevated sections of motorway in the West Midlands are not as cold.
as might have been expected. This evidence is supported by thermal
mapping which has shown that the elevated sections can in fact be warmer
than the ordinary motorway for much of the time at night, probably due
to the fact that most of the elevated sections are made of concrete
and are in urban areas, warmed to some extent by the 'heat island'.
Thus the comparison of the mean between sites has shown that there
are significant differences between the three sites. This has been
confirmed by thermal mapping. Figure 7.10 shows a typical temperature
profile during anticyclonic conditions for the MS - MG - M42 motorway.
7.4 The Winter of 1982/83 - Road Danger Warnings and Saltings in
Herefozd and Worcester
For the winter of 1982/83 it has been possible to monitor the
salting of the MS site, firstly by examining the salting records at
the Lydiate Ash maintenance depot, and secondly by examining the
"freeze factor" evidence proided by the Scan system, it has also been
possibLe to relate these saltings to the Road Danger Warnings issued
by Elmdon weather centre (at Birmingham airport). Let us consider
Mean Stand. Deviation
3.12
	 2.91
2.69
	 2 • 83
235
	 2.50
	2.93	 2.98
	
2.74	 3.08
	
2.88	 2.44
3.26	 3. .07
3.06	 2.98
3 • 39	 2.35
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Table 7.5 Comparison of Minimum Road and Air Temperatures for the Three
Sites mid-March to End of April,
Site
MS slow
MS fast
MS air
M42 slow
M42 fast
1442 air
145MG Slow
145/146 fast
145MG air
No. of Nights
44
44
44
43
43
42
45
45
45
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each data source in turn.
7.4.1 salting Records at Lydiate Ash
From the c*itset it must be said that in Britain and most other
countries records of salting operations are notoriously poor. Although
the maintenance authorities do attempt to keep a record for legal
purposes, in case they are involved in an accident claim regarding an
icy road, it is often very difficult to tell when a road was salted,
or how many times. The story of Hereford and Worcester is no different.
Although they have been extremely helpful in supplying a list
of salting occasions for the M5, they have been unable to give exact
timings of all the occasions. For instance, information that a road
was salted on the 5th of December gives no indication as to whether
or not the road was salted on the night of the 4th/Sth or the 5th/6th.
Going back to the original drivers log books for the salting vehicles
sometimes reveals the exact timing, but at other times they are equally
vague. The reason for this lack of paper work is simple, the salting
crews are far too busy spreading salt to care about filling in a form
once the job has been done. Hence they tend to fill in their work
sheet at the end of the week when they themselves cannot remember exactly
when they went out. Nevertheless it has been possible to reconstruct
a detailed list of salting times for most of the days and nights con-
i	 Trt f'"r' i	 l! ?i:1	 : :tt	 fc	 :i1.r 9cri:z
to ring up the maintenance depot every morning in winter to ascertain
whether or not salt was spread. That would be a time consuming and
expensive exercise, but seems to be the only way.
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7.4.2 The Scan 'Freeze Factor'
As mentioned earlier in this chapter, the surface sensor used
to measure road wethess is a commercial system which has been patented
by 'SSI.'. Basically the sensor consists of two metal pins flush with
the road surface as shown in Figure 7.3, and the conductivity is measured
between them by passing a small current through the circuit. Ef the
road is dry then there is a very high resistance to the current, but
if moisture is present between the pins then the resistance falls con-
siderably. However in the past it has only been possthle to get a
qualitative response from such an instrument due to the fact that the
resistance is also related to temperature and depth of water. The
instrument described, in Chapter 4, that was used on the M4 motorway,.
was found to be very unreliable. A further complication is that the
presence of any impurity in the water, including of course saLt, also
alters the resistance. Does the Scan sensor overcome t1se difficulties?
Only to a limited degree. Firstly an identical pair of pins is con-
tained within the body of the sensor, but to all purposes at the same
temperature. Hence the reading on the exposed sensor is automatically
compared with the reading of the dry, hidden sensor at the same tempera-
ture. This eliminates the temperature problem as long as the tempera-
tures are the same. it could be argued that the temperature at the
surface of the road will have greater extremes, but nevertheZess the
temperature differences are small. Secondly by having such a small
sensor, the distance between the pins is only a few millimeters, the
problem of depth of moisture is reduced. The sensor used on the M4
was 1.8 cm in diameter, and of course as the sensor dried out the pattern
of moisture remaining between the rings was different on each occasion,
thus giving a different reading. By having the pins so close together
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the results are more predictible. As with all wetness meters they
must be installed flush with the surface so as to avoid any pooling
of water. The larger the sensor the more difficult this is. The
Scan sensor, as shown in Figure 7.3, has to be installed carefully to
avoid collecting water. This sensor was patented some years ago, but
in the last two years the 'freeze factor' has been introduced. Pleased
with the success of detecting moisture it is now claimed by the manu-
facturers that the sensor is sensitive enough tomeasure the salinity •
 of .
 the
moisture present on the sensor. A scale from 05 to 95 is used to
indicate that either the water is pure giving a reading of 95, or that
it is 'saturated' in salt to give a reading of 05. Within the next
year or so the freeze factor will be further enhanced, ideally to
estimate readings of salt in gmlm 2 ,. which is what the maintenance
engineer wants to see, but it is very unlikely that the accuracy will
be anywhere near sufficient,. The accuracy of the current instrument
will now be discussed using the observations from the MS motorway and
the salting details from Hereford and Worcester.
The wetness meter giv two indications of surface conditions on
the display terminal.. One is the freeze factor as already discussed,
but also there is a 'status' which is a plain language statement about
the road surface condition for instance 'Suface <itical' or )ry Alert' cr 'bisture
Alert'. Surface Critical means that the road surface temperature is
below 0°C and the road is wet. Dry Alert means that although the road
is dry the surface temperature is at or below the frost point, and
bisture Alert means that the surface temperature is below 5C (this
threshold can be altered), and, obviously the road is wet, The freeze
factor then gives supplementary information, if the road is wet, as to
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approximately how much salt is present. If the freeze factor works
it should be possible to observe its drop in value as the road is
salted. The night of lst/2nd February 1983 is a good example of the
freeze factor in action. There were snow showers around during the
night and according to the salting records the MS was salted at some
time between 0330, and 0630 hrs • This is confirmed by the freeze
factor as shown in Table 7.6.
The freeze factor drops from. a high value of 95 -for the slow lane
(and 85 for the fast lane) to a low value of 05 at some time between
0400 and 0630, which coincides with the period when the motorway was
salted. It must be noted however that the motorway was in a 'surface
critical' state for more than two hours before the motorway was salted.
This sort of information also gives the maintenance engineer an
idea of how much salt is still on the road surface from previous
applications. Beavy rain can quickly remove salt with the help of
vehicle splash, but on the other hand .salt can remain for some days on
the road if the weather is dry. Interestingly because of the greater
amount of traffic in the slow Lane, it seems that the saLt stays longer
on the fast lane. However this information is not so helpful present
because all three lanes are salted at once, but it could save salt on
occasions when the fast lane surface tençerature just dips below zero,
but has sufficient salt left upon it not to require salting.
On the night of the 10/11 February the MS was saj.ted twice when
the freeze factor was already reading 05 in both lanes, A detailed
breakdown of the MS salting will be given in the next section, but for
the moment it must be stated that the freeze factor does not always
- 242 -
Table 7.6 Freeze Factor for the Night of 1/2 February 1983 on MS
slow lane	 fast lane
Time Status Surface Freeze Status Surface Freeze
S.C.
S.C.
S.C.
S.C.
S.C.
S.C.
0103 dry
0203 S.C.
0403 S.c.
0503 S.c.
0633 S.c.
0919 S.C.
temp. factor
	
-0.5	 dry
	
-1.1	 95
	
-1.1	 95•
	
-1.6	 35
	
-1.1	 05
	
2.2	 05
temp. factor
	
-1.1	 85
	
-1.6	 85
	
-1.6	 85
	
-2.2	 35
	
-2.2	 25
	
1.6	 05
S.C. = Surface Critical
Table 7.7 Freeze Factor for the Night of 18/19 February 1983 on the MS
slow lane	 fast lane
Time Status Surface Freeze Status Surface Freeze
1635 dry
1805 moist
1904 moist
0007 moist
0505 moist
0606 moist
1112 dry
temp.. factor
	
6.0	 dry
	
2.7	 95
	
1.6	 45
	
-2.2	 45
	
-2.7	 45
	
-2.2	 05
	
3.3	 dry
dry
moist
moist
moist
moist
dry
temp. factor
	
5.5	 dry
	
1.6	 75
	
1.1	 55
	
-2.2	 75
	
-2.7	 35
2.7	 dry
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behave as predictably as one would expect. For instance on the night
of 17/18 December although the motorway was salted three times the
freeze factor did not fail below 35 in the fast lane. It is also a
problem to decide how low a freeze. factor is required to believe that
there is sufficient salt on the road to prevent ice formation. Experience
seems to point to values below about 25 being sufficient, but further
research is required.
One of the ironic things about the spreading of salt on roads is
that the salt is hyroscopic. If the relative humidity is above about
80% then an otherwise dry road becomes wet. When the road drys out
it is covered with a characteristic white film of rock salt. This can
cause considerable oversalting and confusion. The maintenance engineer
or one of his assistants, or even the police can be driving along a
-road, perhaps on an inspection of road surface conditions, and they
see that the road is wet. They get back to the maintenance depot and
see that their thermometer (on the wall!) reads -1°C, and they rush
out to salt the road! In fact the road was already covered in salt!
Dry salt causes similar problems because it looks like frost! Experi-
ments using coloured salt have been carried out in Imerica, but it
still doesnct get around the wet road problem. Also a. wet road is
more slippery than a dry road, and so the spreading of salt on an
otherwise dry road can be dangerous. Hence more information is needed
about the amount of salt on the road surface. Caution is needed when
interpreting the Scan freeze factor however because of the hydroscopic
nature of salt, for instance the night of 18/19 February was dry, but
the humidity was above 85% throughout the night, and there was the
possibility of some frost. The MS was salted at some time between 1630
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and 1830 and the resultant freeze factor is shown in Table 7.7.
It would appear that the salt itself is making the sensOr read
Moist for status, which .is misleading and could of course lead the
maintenance engineerfto salt unnecessarily.
During 1984 the sensor has been improved by adding a precipitation
recorder to the side of the road. This should enable a distinction to
be made between salt induced wetness, and true precipitation.
Table 7.8 gives the full details for all the nights when salt was
spread on the M5 from Lydiate Ash maintenance depot. Altogether there
were 39 nights when salt was spread, and 53 actual salting runs. The
salting vehicles are set to spread approximately 20 g/m3
 and a typical
run will spread about 30 tonnes of salt on the motorway. :t is not easy
to say how many of the 53 runs were unnecessary or indeed how many more
runs should have been made, but with the benefit of hindsight it is
possible to make an approximation. First we will examine the number
of Road Danger Warnings issued by Elmdon.
7.5 Road Danger Warnings Issued to Hereford and Worcester from Elmdon
Each year Hereford and Worcester pay the small sum of approximately
£300 to the Meteorological Office for the supply of Road Danger Warnings
C--- t..I..A..-	 V.1I.-...-.-..	 --	 4-	 I,.	 i..
----.- --.- -------.-- -- i---- ---------
the weather, including fog and wind as well as ice and snow, Elmdon
ring the maintenance depot at Warndon and the maintenance engineer
decides what action, if any, to take. During the winter of 1982/83
Hereford and Worcester received 102 Road Danger Warnings out of 171
days between October 22nd when the first one was issued, and 19th
	1
	
15-16N (15)
2 26-27N (27)
3 27-28N (27)
	
4
	 (28)
5 28-27N (28)
	
6
	 (28)
	
7
	 (29)
8 29-30N (29)
	
9
	 (30)
10 30-OlD (30)
	
11
	
10-liD (11)
	
12
	 (11)
	
13
	
11-12D (12)
	
14
	 (12)
	
Is
	
12-13D (12)
	
16
	 (12)
	
17
	
13-14D (13)
	
18
	 (13)
	
19
	 (13)
	
20
	
16-17D (17)
	
21
	
17-18D (17)
	
22
	 (18)
	
23
	 (.18)
24 22-23D (22)
25 23-24D (23)
26 27-28D (28)
1730-1930
0300-0600
1700-1900
0100-0300
1730-1930
1945-2100
0400-0500
1730-1930
0530-0615
1530-1830
0140-0330
0800-0900
0230-0330
1100-1200
1730-1845
1945-2045
12 15-1330
2000-2115
2300-0000
0130-0345
2015-2 115
0215-0445
0745-0845
1800-1930
1800-1845
0530-0715
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
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Table 7.8
Salting Times frcin Lydiate Ash 1982/83 for MS
Date Day
	 Time	 paje 2?z
	
Time
	
01-023 (2)
	
0200-0345
	
06-073 (7)	 0500-0600
	
07-083 (8)	 0500-0645
	
12-133 (13)	 0315-0530
	
13-143 (14)	 0100-0300
	
18-193 (18)	 2145-0000
19-203 (20) 0245-0500
28-293 (29) 0830-0930
	
(29)	 1115-1215
29-303 (29)	 1530-1600
30-313 (31)	 0130-0330
(31-1) 0915-1400
01-02F (2)	 0330-0630
06-07F (7)	 0930-1030
07-08F (8)	 0215-0415
09-10F (9-10) 2300-0030
10-HF (10)	 1945-0000
	
(11)	 0215-0345
11-12F. (12)	 0530-0700
12-13F (13) 0600-0630
18-19F (18)	 1630-1830
19-20F (19)	 1630-1800.
21-22M (22)	 0200-0415
02-03A (.2)	 2130-2330
03-04A
04-OSA
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April which was the last. The warnings are not. meant to tell the
maintenance engineer when to salt, merely to advise him as to the
likelihood of ice or snow. The winter of 1982/83 produced very little
snow in The West Midlands, and hence the vast majority of the warnings
related to ice. Normally the weather centre at E].mdon thes rDt keep
detailed records of it S Road Danger Warnings and hence it was difficult
to extract from various bundles of paper the full number of Warnings
issued to Hereford and Worcester. It was therefore necessary to cross
check the warnings issued with the warnings received, at Warndon Depot.
A diary is kept at Warndon of Warnings received during normal working
bouts, but at other times and at weekends and holidays the depot relies
upon telex transmissions . which unfortunately are sometimes undated.
Figure 7.11 is as complete a record as it has been possible to
make giving all the possible alternative decisions for a given night,
sunmed for the winter. The resulting picture is somewhat chaotic, but
facilitates an analysis as to whether or not the road Lurface tempera-
ture on the MS fell to, or below 0°C (column 3), and whether or not
the MS was wet or dry (column 4). Of the 102 nights when Road Danger
Warnings were issued the roads were only salted 38 times • This shows
that there is a considerable input by the maintenance engineer to the
decision making process. Five years ago the difference wouLd not have
been as Large, because the maintenance engineers were not under pressure
to save money to the same extent as they are today. In the past salt
was relatively cheap and authorities would have saLted the roads ha
there been the slightest thought of ice or snow in a Road Dnger
$axninq. Hence the maintenance engineer's recent interest in measuring
road surface conditions so the salt 4.s only spread when necessary.
RST +	 2
2
SALT
	 2	
0	 0
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RST -	 23 23
RDW
	 34	
11	 11
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No SALT
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RST +
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FIGURE 7.11
WINTER 1982f83 M5 SALTING ' ROAD DANGER WARNINGS
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Hereford and Worcester claim to have halved their average number of
salting trips over the last few years (personal communication D. Wood)
Group Engineer for Maintenance, Hereford and Worcester County Council).
However has this reduction been beneficial, or are our roads more
dangerous to drive upon? Table 7.9 gives a monthly breakdown of the
number of nights for which data was available for each month categorised
into the 16 possible outcomes shown in Figure 7.11. The table also
shows the number of Road Danger Warnings and the number of nights
salting for each month. It can be seen that 29 (74%) out of the 3
saltings were carried out in the three months of December, January. and
February, whereas within the period only 57 (56%) of the Road Danger
Wariiings were issued. In March and April the motorway was only salted
4 times deepLte 29 Road Danger Warnings. Figure 7.11 shows that of
the 66 nights when no salt was spread but a Road Danger Warning was
issued, on 30 of those nights the road surface temperature did fall to
wo, and on 9 of those nights the road surface was wet. It could be
argued by Hereford and Worcester that on those nights they did not
salt because there was already sufficient salt down from previous
saltings. TabLe 7.10 examines those 9 nights in more detail.
Of the. 9 nights in question salt was only present on 4, although
of the other 5 nights probably only 2: the 14/15 November and 14/15
• March were really dangerous. The night of 15 November certainly
caught Hereford and Worcester napping, as it did many other authorities,
and several accidents were reported in the press.
-Thus of 66 nights when Hereford and Worcester decided not to
salt despite the issue of a Road Danger Warning, they were correct as
far as the MS sensors were concerned, on all but 5 nights. This type
of error is most serious however and obviously can lead to road
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Table 7.9
Monthly Breakdown of Saltings and Road Danger Warnings Issued to
Hereford and Worcester Classified According to Figure 7.11
Oct. Nov. Dec. Jan. Feb. Mar. Apr. Total
1	 1	 2
2
3
4
S	 5	 5	 9	 11	 2	 8	 6	 46
6	 6	 4	 2	 '3	 2	 2	 19
7	 1	 1	 2
8
9	 1	 1	 2
10
11	 1	 8	 7	 4	 1	 2	 23
12	 4	 1	 1	 5	 11
13	 5	 5	 1	 2	 9	 5	 27
14	 3	 1	 1	 1	 2	 1	 9
15	 3	 1	 2	 3	 9
16	 4	 2	 tO	 2	 3	 21
N	 14	 23	 31	 30	 27	 27	 20	 172
RDW	 3	 13	 20	 13	 24	 17	 12	 102
SLT	 0	 6	 9	 11	 9	 1	 3	 39
N - Number, RDW Road Danger Warnings, SLT - Saltings
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Table 7.10 An Examination of 9 Nights When a RDW was Issued and the
RST Fell to Zero With a Wet Road Surface and No Salt was Spread
Fast Lane
Date	 Mm. Temp. Ice	 Comments
13-14 Nov.	 0.0°c	 Yes	 At 0.0°for 2 hours in both lanes and
no salt had yet been spread
14-15 Nov.	 -1.1.	 Yes	 Temperatures below zero for more than
4 hours and still no salt
25-26 Nov.	 0.0	 No	 Only 0.0°for an hour and still some
salt around. from the preivious saltings
on 15-16 NoV.
21-22 Dec.	 -3.3	 No	 Plenty of salt still down
02-03 Feb.	 -1.6	 No	 Plenty of salt
04-05 Feb.	 -0.5	 No	 Plenty of salt
14-15 Mar.	 -0.5	 Yes	 Road had not been saLted or 20 nights
24-25 Mar.	 -1.1	 Yes	 No salt detected but slow lane dzy
25-26 Mar.	 -1.6	 Yes	 No salt detected but slow lane ry
Table 7.11 The Nunber of Nights That the Minimum Temperature Fell to
Certain Thresholds on the Fast Lane of the M5
Range	 No. of Nights
	
0.0 °c	 11
	-0. 1-i .0	 11
	
-1. 1+-2.O	 1.8
	
-2.14-3.0	 13
< -3.1	 13
66
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accidents. The other probably more dangerous error is when no Road
Danger Warninq is issued and the road is not salted, but the road
temperature falls to zero. This does not happen very often because
Elmdon issue so many Road Danger Warnings. However Figure 7.11 shows
that on two óccasisons this did happen. On the 23-24 January the
temperature fell to -0.5°C in the fast lane and the road was wet. There
was not sufficient salt down to prevent freezing. On the 27-28
February the road temperature fell to 0.0°C but there was still plenty
of salt left on the road. Thus there were 11 nights during the winter
of £982183 when the MS was not salted but the road was wet and the
temperature fell to zero or below. Of those eleven nights probably
three were extremely dangerous.
The other type. of error as far as salting is concerned is the
spreading of salt when it is unnecessary. This is costly in terms of
Labour, the salt itself and of course vehicle corrosion. Of the 39
nights when salt was spread, on 5 nights the temperature stayed above
zero; and of the remaining 34 nights when the temperature dropped to
zero, on eleven nights the road remained dry. Hence on 23 nights the
decision was apparently corrst and on 16 nights incorrect. At a cost
of about ten thousand pounds per salting night this amounts to £160,000.
On top of this it can be argued that of the 23 nights when the maintenance
engineers decision was correct to salt, that sufficient salt might
already have been present from previous saltings. However there is a
limit to this argument as an incorrect salting one night could save a
salting on another night. W.ence it is very difficult to split those
23 saltinqs into necessary and unnecessary ones. However on ten nights
Hereford and Worcester salted the MS more than once and it is possible
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to critise this action on some nights. Altogether 53 salting trips
were made on the 39 nights. On 5 of the multiple salt nights the road
remained dry, and on one the temperature stayed well above zero
(minimum 3.8°C). Eight of the multiple salt nights were in the month
before Christmas and one can only suppose that the drivers were seeking
overtime payments to boost their Christmas pocket moneyl Of the 23
salting trips it can be shown that only 28 (53%) were necessary in
terms of temperature and wetness alone. Of those 28, 5 salting trips
were repeat runs on the same night. This gives weight to the oft
quoted hypothesis that at the very least half the salt spread in. Britain
is done so unnecessarily.
in conclusion of this section it can be stated that there is much
room for improvement in both the issue of Road Danger Warnings and in
the decision as to whether or not to spread salt. The figures presented
for the MS are of course only for one location on Chapman's Hill, but
nevertheless they are as close as one is ever likely to get to the
truth. Maintenance engineers are in a difficult position, on the one
hand being presen*d with rather vague Road Danger Warnings, and on the
other hand being forced to limit spending on winter maintenance. it
is no wonder that they are trying to justify the installation of
automatic road sensors to their council comittees.
F1' '4ii.- 7 1) gii	 br'kdown of the Road Danger Warnings
versus observed road temperatures, taken from Figurer 7.11 • It can be
seen that on 38 nights the road surface temperature remained above
meco, when a Road Danger Warning was issued. Of the remaining 64 nights
although the temperature fell to zero, on 32 nights the MS remained
dry. On only two nights were they caught out and the road temperature
64
a
38
C
102
Road
Negative Surface
Temp.
Road
Positive Surface
Temp.
TOTAL
	
2	 66
b
	
68	 106
d
70	 1172
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FIJRE 7.12 Road Danger Warnings (Elmdon) versus Road Surface
Temperature for 172 Nights between October 22nd
1982 and April 21st 1983 for chapman's Hill MS Fast Lane
Elmdon
Road Danger Wa
YES I NO	 TOTAL
FIGURE 7.13 Model Predicted Minimum Road Surface Temperature versus
Actuals for chapman's øiii Fast Lane M5 for 80 nights
During Winter 1982/83 When the Model was run
Negative
Positive
Model
Road Danger Warning
________	 YES	 NO	 TOTAL
Road
Surface	 37	 4	 41
Temp.	 a	 b
Road
Surface	 2	 37	 39
Temp.	 c	 a
TOTAL	 39	 41	 80
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fell to zero without being forecast, but this is not surprising in
that 102 Road Danger Warnings were issued in a relatively mild winter.
7.6 The Performance of the Model in Predicting M5 Temperatures
The prediction model was run in real-time for 80 nights during
the winter and Figure 7.13 shows that the model was correct on 74 of
those nights in terms of predicted minimum temperature being above or
below zero. However on 4 nights the model predicted that the road
temperature would not fall below zero when it did. This is a larger
error than for the Road Danger Warnings, but this is to be expected
in that on only two nights did the model predict that the road tempera-
ture would fall to zero when it didnot. In other words the model is
not over cautious like the Road Danger Warnings. If the four cells in
Figures 7.12 and 7.13 are labelled a, b, c and d as shown then the aim
of any forecasting method is to reduce the size of b and c. One way
to reduce b, which is the most serious of the two errors, jg to increase
the size of c; reducing the number of accidents by increasing the
amount of salt spread. To take it to an extreme b could be reduced to
zero by issuing Road Danger Warnings every night. As Car as the model
is concerned it is obvious that the only way to reduce b and c is to
increase the accuracy of prediction. The root mean square error for
the 72 forecasts when the actual minim*nroad surface .temerature was
1qq hn 0C! i 1.5°C and the standard deviation is also 1.5°C, hence
5% of the forecasts can be expected to be outside the range +/_2*s.d.
3.0°C. If the forecast is for the minimum to be 10°C then, using the
probability that 68% of the forecasts are likely to be within one
standard deviation, and 32% outside that range, then 16% are likely to
be zero or below. This is merely confirming how difficult it is to
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forecast temperatures around a threshold such as zero °C. Table 7.11
shows the distribution of minimum temperatures recorded on the fast
lane of the MS.
It can be seen that on 11 nights the minimum temperature was 0.0°C
and that on 40 nights the minimum temperature did not fall below -2.0°C.
This is a problem of the British climate, the temperature falls to
zero often enough, but not for Long. This makes the prediction as to
whether or not the road temperature will fall to zero more difficult.
Nevertheless the model is a considerable improvement on the Road
Danger Warnings issued for the MS. In order to overcome the problems
associated with just giving one minimum temperature forecast, it is
proposed in future to give an optimistic and a pessimistic forecast.
Thus the maintenance engineer will recieve two forecast graphs of
predicted minimum road surface temperature, (1) optimistic, based on
weather conditions combining to keep the road temperature warmer than
expected; and (2) pessimistic, when the weather conditions combine to
ceduce the road minimum temperature. On some nights both forecasts
might be similar, for instance if there is no cloud and Littl,e wind,
the forecast, errors are likely to be small for those two variables.
However if for instance a cold front is moving through, then each
forecast will represent a different timing of the cleaLe.nce of cloud
I ngj thp
 frrwit - The ootimistic forecast will be based on the front
not clearing through thus keeping temperature up, whereas the pessi-
mitic forecast will be based on the front moving through quicker than
expected, giving clearing skies and colder air temperatures.
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Returning to Figure 7.13 the nights when the model was in error -
cells b and c, are set out in Table 7.12. From the table it can be
seen that three of the nights when the model led to error b, the
minimum road surface temperature only fell to 0.0°C, and. on two of
those nights the road was dry.
7.7 Overall Performance of the Model
Table 7.13 gives the actual fast lane minimum road surface tempera-
ture for the MS for each of 80 nights when the model was run, plus
the predicted minimum temperature. The distribution of errors is
shown in Table 7.14, and remarkably they seem to be equally dislributed
about zero error. The effect of traffic which offset the predicted
retrospective temperatures for the M4 motorway, discussed in Chapter 6,
is not so important for the fast lane of the MS motorway. Most of the
forecasts included in the analysis were run during the afternoon of the
day in question. It was usual to wait until about .1500 hrs before
running the forecast model but each day varied according to computer
availability and work pressure.
Overall the model gives every confidence that it can reproduce
the varying influences of wind, cloud, humidity and air temperature
upon road temperatures. However some improvements to the model used
in this trial have already been made. As well as a prediction of the
road surface temperature the maintenance engineer also wants to know
when the road is likely to be wet, and the timing of precipitation.
The timing of precipitation is important in that salt may be washed
off the road. tece to transform the prediction model into a Road
Danger Warning one has to add several other pieces of information as
discussed in the next Chapter,
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Table 7.12 Data for the Nights When the Model Gave Errors b and c
Error b
Date
13-14 Nov.
03-04 Dec.
09-10 Jan.
04-05 Feb.
Error C
02-03 Dec.
23-24 Feb.
Actual. Mm.
0.0
0.0
0.0
-0.5
2.2
I.E
Predicted MIn.
3.1
0.5
2.3
1.0
-1.1
-0.5
PT(A-R) Surface
-3.1	 wet
-0.5	 dry
	
-2.3	 dry
	
-1.5	 wet
3.3
2.1
3.8
1.6
2.7
3.8
6.6
9.3
10.4
10.4
6.0
6.6
7.7
7.7
3.3
0.0
0.5
4.9
1.6
3.3
1.1
2.2
0.0
-2.2
-2.2
-1.6
-2.2
0.0
1.6
2.2
0.0
4.9
_1 I
-1.1
2.2
0.5
1.1
-2.7
-1.6
-0.5
-2.2
2.7
2.7
3.5
1.7
6.7
2.2
1.2
10.7
9.3
9.6
7.9
7.4
6.6
6.1
2.9
3.1
1.8
6.2
3.9
3.5
1.0
2.8
0.0
-1.6
-3.8
-1.9
-3.0
-0.5
0.7
-1.1
0.5
1.1
-. (t
-2.5
5.9
1.0
0.9
-2.0
-1.8
0.0
-3.5
4.3
3.1
-2.2
-2.7
-3.8
0.5
0.5
-3.3
-1.1
0.0
0.0
1.1
-1.1
3.8
2.2
3.8
0.0
-1 • 1
1.6
-2 • 2
-1.6
-4.9
-0.5
LI
-5.5
-2 • 7
-2.2
-2 • 7
-4.4
-0.5
-3.8
-3.3
• .1
1.6
-0.5
2.7
2.7
-Li
-1.6
-2.2
2.2
-1.1
-2.0
-2.9
3.2
0.9
-1.3
0.0
0.0
2.3
1.7
-2.4
1.5
2.0
4.0
-0.1
-1.7
1.7
-0.8
-0.5
-3.2
1.0
0.3
-3.1
-4.6
-2 • 1
-3.4
-3.0
-1.4
-4.0
-4.6
2.7
-0.5
0.0
0.3
1.7
-0.7
-0.0
0.0
0.3
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Table 7.13
Actual Minimum Road Surface Temperatures for the Fast Lane of the MS
Compared with the Predicted Minimum for 80 Nights During the Winter of
1982/83
Date	 Actual Predicted 	 TAC-Pr	 Date	 Actual Predicted ATACPr
Mi	 Mm.	 Mm.	 Mm.
22-23082
23-24082
26-27082
27-28082
28-29082
0 1-02N82
02-03N82
03-04N82
06-07N82
08-09N82
09-10N82
10-jaN82
12-13N82
13-14N82
19-20N82
20-21N82
21-22N82
22-2 3N82
23-24N82
24-25N82
25-26N82
26-27N82
27-28N82
28-29N82
29-30N82
30-01D82
Oi-02D82
02-03D82
03-04D82
04-05D82
f%C _ñTO
06-07082
07-08D82
08-09D82
09-10D82
10-11.D82
1.1-12082
i2-13D82
13-14082
14-15082
IS- 16D82
0.3
-0.1
-4.0
1.6
4.4
-1.4
1.1
0.8
-1.9
-0.8
1.1
1.6
0.4
-3.1
-1 • 3
-1 • 3
-2 • 3
-0.2
0.1
-0.6
0.0
-0.6
1.6
0.3'
0.8
0.5
0.9
3.3
-0.5
3.8
1.4
-3.7
-0.5
0.2
-0.7
0.2
-0.5
1.3
-1.6
-0.4
16-17082
17-1 8D82
18-19082
19-20D82
20-21D82
21-22082
23-24082
06-07383
09-10383
17-18383
18-19383
21-22383
22-23383
28-29383
29-30383
20-31383
31-01F83
01-02F83
02-03F83
03-04F83
04-05F83
05-06F83
08-09F83
09-10F83
10-11F83
t1-12F83
12-13F83
15- 16F83
16-17F83
18-1 9F83
•)n •)•._n
23-24F83
21-22M83
22-23M83
23-241483
24-25M83
25-261483
27-28M83
2 8-29M83
-1.1
-0 • 7
-0.9
-2.7
-0.4
-2.0
-1.1
0.0
-2.3
-0.6
1.3
2.3
0.2
-0.2
0.1
0.6
-0.1
-1.4
1.1
1.7
-1.5
0.8
-2 • 4
1.9
-0.1
0.7
-1.4
0.9
0.2
1.3
I,. f.
2.1
-0.5
2.4
1.0
-0.4
-1.6
-2 • 2
1.9
'4
U
U
43
U)
C)
a,
'4
0
-4
N
a,
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CHAPTER 8 CURRENT AND FUTURE DEVELOPMENTS OF THE MODEL
8.1 Introduction
The aim of this theSis, as set out in Chapter 1, is to produce an
improved form of Road Danger Warning to be issued to maintenance
authorities. During the winter of 1983/84 an experimental. graphica].
Road Danger Warning was issued to West Midlands County Council,
based on the model presented in this thesis. It is clear from initial
results that - the maintenance engineers much prefer this type of Road
Danger Warning. Figure 8.1 shows the present channels of communication
that translate the observed road sureace temperatures. into a 24 hour
forecast that is received in the maintenance engineers home. Figure
8.2 shows an example Road Danger Warning in graphical form. Basically
there are three stages in the production of these warnings: collection,
processing and dissemination. Each will be considered in turn.
8.2 Data Collection
The West Midlands County Council are responsible for the salting
of the M5/M6 interchange at. Ray Rail as outlined in Chapter 7. This
site was therefore chosen for the production of trial Road Danger
Warnings. Thermal mapping has shown that this site is coLder than the
M6 stretch to the east, and as cold as the Sandwel]. valley stretch of
i-) ic n the south west. Hence the site is representative of the
coldest temperatures likely to be found on the West Midland's MS and
M6 stretches of motorway.
The site is interrogated automatically every hoUr by a wicro-
computer based at Birmingham University, and the data is stored as
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shown in Figure 8.3 as history pages which can also be accessed by
West Midlands.
8.3 Data Processing and the Production of the Road Danger Warng
Figure 8.2 shows that two forecast road surface temperature curves
are produced, the one represented by an "0" is an optimistic forecast,
and the "P" represents a pessimistic forecast. Where the two coincide
an "R" is printed. Obviously a .24. hour forecast can rarely be accurate
and hence the concept of two forecasts. The optimistic forecast is
produced assuming that all the forecast input data combines to raise
the forecast road surface temperature, and .the pessimistic forecast
the reverse.. Hence the amount of separation between the two curves
represents the uncertainty of the meteorological situation. If both
curves remain above the 0°C line then the maintenance' engineer can
assume that there is no problem, and send all his maintenance crews
home. If both curves are below the 0°C line then the engineer wust
pay attention to the wetness of the road, and the precipitation forecast
given below the graph. If ice or. frost or snow are Likely then the
roads must be salted unless there is already sufficient Bait down to
cope with the situation. Zn this case the precipitation forecast is
the nxst important, rather than the forecast road surf ace temperature.
if the cptimistic curve is above the 0°C line and the pessimistic
is below, then a standby situation exists in which the forecast will
be updated at regular intervals. The maintenance engineer requires
at least three hours warning of icy conditions, and hence the model
must be run at regular interirals to maJce sure that the actual observed
temperatures fit the prediction,
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At present the model is run first of all between noon and 1300
to give a full 24 hour forecast. The actually observed road surface
temperature, air temperature, humidity, wind speed, cloud amount and
type at noon is fed into the model along with forecast values for
1500 hrs, 1800 bre, 2400 hrs, 0600 hrs, and 1200 hrs the followin q day.
The model is run twice using optimistic and pessimistic forecasts.
The cloud forecasts are provided by Elmdon Meteorological 0f ice, but
all the other forecasts are produced by the Meteorological Services
Unit at Birmingham University. The duty maintenance engineer from
West Midlands (Mr. Snow!) accesses the graph at about 1500 hrs. If an
update is expected on the forecasts this is stated on the bottom of
the graph. The Meteorological Services Unit closes at 2100 hrs, and
hence any update is usually run between 1900 hrs and 2100 hrs. As stated
above an update is issued if the two forecasts fall either side of the
0°C line, but also if the acttmily observed temperatures are seen to
diverqe outside the range of the forecast temperatures.
8.4 Dissemination of the Graphical Road Danger Warnings
The maintenance engineer can access the forecast graph using a
portable printer terminal connected via an acoustic coupler to an,
ordinary telephone. This is a very convenient arrangement pro'tiding
that the portable terminal is easily portable, and that the acoustic
t-urnl r vnrks i,roperlv. The maintenance engineer can use the same
terminal at boise, as in the office, and a printout is obtained Which
can be filed away once the actual temperatures have been plotted upon
it. Also the terminal, can be used to dial the site t Ray Øajj to
get up-to-date information to plot on the graph, and also a history
page is available of the last 15 sets of observations (as shown in Figure
8.3). A full discussion of the results for the 1983/84 winter is given
in Thornes (1984a) and Thornes (1984b).
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8.5 Future Developments of this System
This graphical form of the Road Danger Warnings appears to be a
considerable improvement on present Road Danger Warnings. However
if this type of Road Danger Warnings is to be introduced nationwide
there are many repercussions for the manning of weather centres to be
considered. The stucture of an ideal system is shown in Figure 8.4.
Each weather centre would be the hub of several networks of road
sensors. around a region. Data from these sensors would be processed
automatically to produce road surface temperature forecasts for each
site. These forecasts would then be isseminated to the maintenance
engineers via Prestel. For each site there would be allocated a
number of Prestel pages that would display the actual road surface
conditions, the history of the previous .24 hour data, and the forecast
for the present day and night. Maintenance engineers would then be
able to receive the data either in the office or at home in colour.
There would be no problem with acoustic couplers and the engineers
would also send messages to the forecaster about details of salting,
or for .re information. In the next ' few years colour 'radar and meteosat
pictures could also be obtained on Prestel, although it is unlikely
that the maintenance engineers will require such detailed information.
They would prefer the radar and meteosat information to be interpreted
by the forecaster and fed into the graphical Road Danger Warnings.
The one major. drawback to this scheme is the assumption that the
local weather centres are capable, or indeed want to take part in such
reorganisation. At present local, weather centres do not use micro-
'computers, and yet the proposed system envisages the use of micro-
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computers, or perhaps even minicomputers to handle forecasts for perhaps
a dozen sensor sites. For a 24 hour shift this would require the
retraining or hiring of at least six meteorologists, with computing
experience, per weather centre. Obviously this would have to be paid
for out of the income from Road Danger Warnings. There would have to
be a total reorganisation of the present system.
Already moves have been made in this direction, and a steering
committee has been set up by the Department of Transport to look at
the cost/benefit of such a scheme. A series of recommendations to
introduce a trial at Elmdon for the winter of 1984/85 are currently
being considered as shown in. Table 8.1.
A similar steering committee set up in Finland produced its final
report in 1982 (Finnish Road Weather 1982). The report recommends that
Finland be split into three geographical areas with different levels
of service in each. A comprehensive 24 hour service is to be provided
in the Helsinki - Turku region Ln..the south which will be equivalent
to an automatic Prestel system as decribed above. In the other two
regions a less comprehensive system. will be implemented, mainly
because they are much less densely populated. The report concludes:
'The annual expenses incurred by the final system would be 2.6 -
2.8 million FIM. In 'comparing (this sum) with the road maintenance
savings (6.9 - 7.4 million FIM) , it can' be stated tnat tne LUU
weather service is a highly profitable activity and that the cost to
benefit ratio follows the main trends •......1:3..'
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Table 8.1
Recommendations Submitted to the Standing Committee on Highway Maintenance
(SCHM) Department .of Transport
1. We believe that ice prediction systems should not be specified separately.
for trunk and local roads,. It is therefore essential, that the
Department and Agent Authorities collaborate in the specification
and installation of area wide systems.
2. Lt appears reasonable that the cost of installation be divided between
the Department and Agent Authorities on the basis of agreed relative
costs of salting trunk anc ]ocal roads.
3. We consider that ice prediction systems cannot be effectively
deployed without the active 'participation of the Meteorological
Office, to provide meteorological expertise and a forecasting service
based on the research done at the University of Birmingham.
4. We reconmead that the Meteorological, Office be invited to take
part in pilot application exercises this winter in West Midlands and
in Hereford and Worcester. Zn each of these areas sensors should be
installed in the road to measure surface temperature, road wetness
and salinity, and atmospheric sensors installed to measure air
temperature. At two key sites in each area, additional instruments
should be provided to measure temperature at depth in the road
structure, relative humidity, wind speed and wind direction. The
total cost of installing and operating these systems is likely to be
£227,400.
5. We recommend that a Steering Group be formed to monitor these
pilot application exercises on behalf of the Winter Maintenance
Committee. The Steering Group should comprise representatives of
the Department, the County Surveyors Society, the Meteorological
Office and participating local authorities. Experience gathered in
the pilot application studies should form a basis upon which to
'secure wider application of ice prediction systems in subsequent
years. 3t is hoped that the Meteorological Office will consider
the need to plan for this wider application.
6 Zce prediction equipment should conform to defined standards of
safety and performance, particularly witn regard to iva.iaU
and communications. The assistance of the Traffic Control and
Communication Division of the Department and the special Advisory
Group for ice predictioø of the County Surveyors Society should be
sought to provide the necessary 'type approval of equipment and
monitoring of instaLLations
7. ShouLd the system 'be more widely applied in subsequent years then
advance thermal mapping wouLd be necessary and should be encouraged.
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Hence the Finns have decided to set up a regional network for winter
maintenance. In Britain our population is more evenly spread and
therefore it is more likely that the same level of service will be
required throughout the country. Perhaps Northern Scotland or Mid-
Wales might have less need for a 24 hour service. These are issues yet
to be discussed.
Finally it is important to reiterate that if a national system of
some sort is not set up then each country and local authority will
continue to go its own war, and the winter maintenance practices, will
vary throughout the country. The Meteorological Office already has a
regional network of weather centres that provide the current Road
Danger Warnings. They must be persuaded by the County Councils and. the
Department of' Transport that it is in the Meteorological Offices's
interest to bring up-to-date their Road Danger Warning service. The
Department of Transport can afford to pay for the installation of
sensors if the Meteorological Office is prepared to retrain their staff
to handle the data. At a time when mesoscale forecasting is receiving
more attention in weather forecasting circles the additional information
provided by remote sensors will be invaluable.
8.6 Final Comments
This thesis attempts to cut across the traditional boundaries
of meteorology and municipal engineering. In doing so many assumptions
have had to be made to realise a final useable model for the production
of more accurate Road Danger Warnings. Research does not stop here
however. Although the model has and is performing remarkably well
considering its primitive physical base, more research is required to
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narrow the gap between optimistic and pessimistic forecasts. Also
thermal maps of all mainL.roads are required to ascertain the micro-.
climatic differences in road surface temperature around the region.
Road Danger Warnings issued. by the Meteorological Office have hardly
altered in format in 30 years. It is time for change.
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CHAPTER 9 CONCLUSION
9.1. Introduction
The data used in this thesis to test the road surface temperature
prediction mode]., has been collected over a period of five years from
1979 to 1984. During this time the model has evolved and been adapted
to produce an otttput suitable for use by a practicing maintenance engineer.
The results have been encouraging to the extent that the model is now to
be used by the Meteorological Office for producing Road Danger Warnings
at Elmdon Weather Centre, starting with the winter of 1984/85. The
recommendations outlined in Table 8.1 have been fully approved by the
Department of Transport and the Meteorological Office. The equipment
used at Birmingham University to test the model in real time, will be
transferred to Elindon Weather Centre during the Autumn of 1984.
Birmingham University wifl . stay involved in the project, acting as
consultants to the Meteorological Office, and also running a company
entitled 'Thermal Mapping International' which will start to'thermally
map'the roads of Britain and Europe. During September 1984 the
University is host to the 'International Road Weather Conference' which
will bring together the latest developments in winter maintenance
practices. It can be summised from these statements that the research
is still ongoing. Nevertheless sufficient has already been learned to
in1 ficantiv. imnrove Road Danqer Warnings in Britain and also with the
aid of thermal mapping it is possible to give more accurate .regional
Road Danger Warnings.
9.2 Fulfilment of The iins of the Thesis
The road surface temperature prediction mode], developed, tuned,
tested and reported in this thesis represents a useful framework for
- 273 -
future developments of Road Danger Warnings. The model can still be
improved to provide more accurate optimistic and pess(mistic forecasts.
More development is required to disseminate the forecast information
to maintenance engineers over a medium such as .Pxestel. A faster micro-
computer is needed to enable t4e model to be run quickly for many sites
at once.
The gap betweep . research and operational use has yet to be finally
closed. County Councils are spending a great deal of money to put
sensors into their roads. GoUand (t984) the Principal Engineer for
Maintenance Management for West Midlands County Council states:
'The installation of an ice early warning system is fairly expensive
and has, to some extent been an act of faith by the féwBighway
Authorities who. have taken the plunge. However, evidence is
accumulating which would suggest that the investment is economically
justifiable due to the potential savings which are available once
the operational users establish their faith in it and develop
experience in using it effectively.
The maximum potential at present lies in improving the accuracy of
forecasts, which can only be achieved by reducing the area covered
by one forecast. The computer model developed by the Meteorology
Department of Birmingham University on behalf of the TRRL has proved
to be a :very promising development, and there would be considerable
benefits available to all. Uighwa Autflóri.ties wi.tn i.ce warru.ng
systems if the model could be extended in operation.'
The aims of this thesis set out in Chaeter One, have been largely
fulfilj.ed,, The success of tIe model will now depend upon the Meteorological
Office, and the speed with which they can gear up to the use of micro-
computers in regional weather centres.
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9.3 Summary of Conclusions
This thesis has shown that the meteorological dimension of
winter maintenance in Britain has been largely ignored. In order to
fill this gap the following findings of this thesis are presented:-
(1) Current Road Danger Warnings issued to Highway Authorities
are inadequate.
(2) An extensively modified version of the heat balance model
proposed by Outcalt (1971) can be used successfully to predict road
surface temperatures up to 24 hours ahead, despite it s primitive physical
base.
(3) The form of the Road Danger Warning needs to be changed. A
graphical presentation, with 'optimistic' and 'pessimistic' scenarios is
presented. This form seems to -be prefered by maintenance engineers.
(4) Sensors embedded in the road surface are necessary to
measure road surface temperature, wetness and salinity. This information
can then be fed directly into the heat balance model, and used to check
the model's performance in real time.
(5) Thermal mapping is needed to locate the sensors in their optimum
location, and to provide an accurate 'fingerprint' of road surface
temperatures between sensors.
(6) A national network of sensors is -required to feed into the
local weather centres around Britain. This is already under discussion
with the Meteorological Office, and a trial is being mounted at Elmdon
airport for the winter of. 1984/85.
(7) Expenditure on winter maintenance can potentially be reduced
by up to 50%; a considerable saving on- the current annual budget of up
to £120 million in Britain.
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APPENDIX 1
The Fortran Model
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0001
	
DIMENSION SOL(72),SHD(72),BEAN(72),EXT(72),DIFP(72),
1BACSKT(72),SLAB(72),SHOW(72),TE(72),T35(72),TIME(72),
LSUN(72) ,T(72) ,P11(72) ,S(72) ,R(72) ,LE(72) ,Tl7(72) ,UA(72),
1EXX(72)ZA(72),EXXO(72),TT(12),TC(72),Tz(72),TX(72),TU(72)
1,ALBEDO(72),Rt(72),TA(72),V(72),W(72),T3(72)T18(72),T9(72)
1,T5(72),SUM(72),YSHNB(72),RBF(72),AT(72),IA(4),
1X(4),Y(4),z(4),ALBED(4),DPLu5(4),KCLou(4),TD(72)
1,fl(72),XX(72),YY(72),IT(4),AIR(72),T36(72),TITLE(20)
0002
	
INTEGER TITLE
0003
	
REAL KARMAN,LEKcLOU1 IKcLOU
0004
	
BYTE PROMPT(72)
0005
	
DOUBLE PRECISION DNC
0006
	
ZTX(TC)TC+273 .16
0007
	
ZTC(TK)"TK-273 .16
0008
	
BB(T1().'(8 .14E_8)*(TK*TK*TK*TK)
0009
	
5
	
CALL ASN('INPLrr FILE',l)
0010
	
CALL ASN('OUTPUT FILE',-2)
C
C
	
PHYSICAL 00NSTANTS
C
0011
	
KARMAN- .4
0012
	
LHEAT-590.O
0013
	
LHSUB-677.
0014
	
DRYADB-1 .E-4
0015
	
AIRCAP-.24
0016
	
D-O • 5
0017
	
AIRDEN-1 .E-3
0018
	
XLAT51.
0019
	
RDA"6 .94E-3
0020
	
RDC1 .2E-2
0021
	
RKA-3 .1E-3
0022
	
RXC4 .8E-3
0023
	
ZO-15.O
0024
	
ZG-72.
0025
	
SHDRAT .0
C
C
	
READ IN DATE
C
0026
	
10	 CALL TNOUA('$WHAT IS THE DAY OF' TEE )!)NTH:' ,30)
0027
	
READ(5,11)JDAY
0028
	
CALL TNOUA( '$WRAT IS ThE t)NTR: ',19)
0029
	
READ(5,11)JMON
0030
	
CALL TEOUA( '$WHAT IS THE YEAR:' , 18)
0031
	
READ(5 ,11)JYEAR
0032
	
IF(JDAY.LE.O.OR.JDAY.GT.31 .OR.JMDN.GT .12)STOP
0033
	
IP(JYEAR.LT .1950)STOP
0034
	
TOY-JDAY
0035
	
IF(JN .EQ .2) TOY-3 1+JDAY
0036
	
IF(J)N.EQ.3) TOY-59+JDAY
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0037
	
IF(JMON.EQ .4) TOY-90+JDAY
0038
	
IF(J1flN.EQ.5) TOY-120+JDAY
0039
	
IP(JN.EQ.6) TOY-151+JDAY
0040
	
IF(JMON.EQ.7) T0Y181+JDAY
0041
	
IF(JMON.EQ.8) TOY-212+JDAY
0042
	
IF(JNON.EQ .9) TOY-243+JDAY
0043
	
IF(JMON.EQ. 10) TOY-273+JDAY
0044
	
IF(JNON.EQ.11) TOY-304+JDAY
0045
	
IF(JMON.EQ.12) TOY-334+JDAY
0046
	
IF(JW)N.GE.3 .AND.MOD(JYEAR,4).EQ.0)TOY'TOY+l
0047
	
LEAP- 12
0048
	
DO 20 lYE R-1950,JYEAR-1
0049
	
IF(MOD(IYEAR,4) .EQ .0)LEAP-LEAP+I.
0050
	
20
	
CONTINUE
0051
	
DAYS-(JYEAR-1900 )*365+LEAP+TOY-0 .5
0052
	
WRITE(2 ,21)JDAY,JMON,JYEAR
0053
	
WRITE( 5 ,21)JDAY,J}N,JYEAR
C
C
	
METEOROLOGICAL INPIT VALUES READ IN
C
0054
	
CALL TNOUA('$ROAD SURFACE TEMP AT 1200HRS:',30)
0055
	
READ(5 ,31)SURF
0056
	
CALL TNOUA(' $ ROAD TEMP • AT 72CM, 36CM AND 8CM' ,34)
0057
	
READ(5,41)TR,TT(1),TZ(1)
0058
	
CALL TNOUA('$FORECAST AVERAGE WIND 12-24,24-12 IN CMIS:',43)
0059
	
READ(5 ,46)UA(1),UA(37)
0060
	
CALL TNOUA('$TIME ROAD EXPECTED WET:'24)
0061
	
READ(5 ,11)MWET
0062
	
IF(MWET.EQ.0) COTO 60
0063
	
CALL TNOUA('$RAIN HEAVY(-1)MEDIUM(0),LIGHT(1)? : ,37)
0064
	
READ( 5,11 )M
0065
	
IF(M)30,40,50
0066
	
30
	
RAIN-3 000 .0
0067
	
COTO 60
0068
	
40
	
RAIN-1500 .0
0069
	
GOTO 60
0070
	
50
	
RAIN-500 .0
0071
	
60
	
IF(MWET.EQ.0)SRHFO .0
0072
	
SRHFO.O
0073
	
IF(MWET.GE.1 .AND.MWET.LT .12)LWET137+MWET*3
0074
	
IF(MWET.CE . 12 .AND.MWET.LE .24)LWET11+3*(MWET_12)
0075
	
IF(MWET.CT.24)STOP
0076
	
CALL TNOUA( '$AIR TEMP • FORECAST FOR 1200IIRS:' ,32)
0077
	
RRAn(';3p)TA1	 -
0078
	
CALL TNOUA('$RELATIVE HUMIDITY FRAC. FOR I200HRS:',37)
0079
	
READ(5 ,31)RF1
0080
	
CALL ThOUA(' $AIR TEMP. FORECAST FOR 1500HRS:' ,32)
0081
	
READ(5,31)TA2
0082
	
CALL TNOUA('$RELATIVE HUMIDITY FRAC. FOR 1500HRS:',37)
0083
	
READ(5 ,31)RF2
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0084
0085
0086
0087
0088
0089
0090
0091
0092
0093
0094
0095
0096
0097
0098
0099
0100
0101
0102
0103
0104
0105
0106
0107
	
65
0108
0109
011.0
0111
0112
0113
	
70
0114
0115
0116
	
80
0117
0118
0119
0120
0121
0122
0123
0124
0125
0126
ii ',
0128
	
90
01.29
0130
0131
0132
01.33
CALL TNOUA(' $AIR TEMP • FORECAST FOR 1800HRS: ',32)
READ(5 ,31)TA3
CALL TNOUA('$RELATIVE HUMIDITY FRAC. FOR 1800HBS:',37)
READ(5 ,31)R73
CALL TNOUA('$AIR TEMP. FORECAST FOR 2400}IRS:',32)
READ(5 ,31)TA4
CALL TNOUA('$RELATIVE HUMIDITY FRAC. FOR 2400HRS:',37)
READ(5 ,31)RF4
CALL TNOUA('$AIR TEMP. FORECAST FOR O600HRS: ',32)
READ(5,31)TA5
CALL TNOUA('$RELATIVE HUMIDITY FRAC. FOR 0600HRS:',37)
READ(5 ,31)RF5
DO 120 3-1,4
CALL TNOUA('$cLOUD ANOUNT:'14)
READ(5,11)IA(J)
CALL TNOUA('$CLOUD TYPE:',12)
READ(5,16)IT(J)
IF(IA(J).GE.1.AND.IA(J).LE.7) COTO 70
IF(IA(J).NE.0) GOTO 65
X(J)-0.0
Y(J)-0.5
Z(J)-1.0
COTO 110
X(J)-i.0
Y( J )- 1 • 0
Z(J)-0.78
IP(IT(J).EQ. 'L')Z(J)-0.32
IF(IT(J).EQ. 'M' )Z(J)-0.54
COTO 110
IF(IT(J).EQ.'L')GOTO 80
IF(IT(J).EQ.'M')GOTO 90
COTO 100
X(J)-O. 2
Y(J)-O.6
Z(J)-0. 87
IP(IA(J).GE.1 .AND.IA(3).LE.2) GOTO 110
X(J)-0 .5
Y(J)-0.8
Z(J)-0.58
F(IA(J).GE.3.AND.IA(J).LE.5) GOTO 110
X(J)-0.9
Y( 3)-i .0
Z(J)-0.32
T? 11')
X(J)-0 .1
Y(J)-0 .6
Z(J)-0 .91
IF(IA(J).GE.t.AND.LA(J).LE.2) GOTO 110
X(J)-0 .3
Y( 3)-0 .8
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0134
0135
0136
0137
0138
0139
0140
	
100
0141
0142
0143
0144
0145
0146
01.47
0148
0149
0150
0151
	
110
0152
0153
0154
0155
0156
	
120
C
C
C
0157
0158
0159
0160
0161
0162
0163
0164
0165
01.66
01.67
0168
0169
0170
0171
0172
0173
0174
0175
0176
	
130
0177
0178
0179
0180
Z(J)-0.72
IP(IA(J).GE.3.AND.IA(J).LE.5) COW 110
X(J)-0.9
Y(J) -1.3
Z(J)-0.54
COTO 110
X(J)-0 .05
Y(J)-0.5
Z(J)-0.96
IF(IA(J).GE.1.AND.IA(J).LE.2) GOTO 110
X(J)-0 .1
Y(J)-0.5
Z(J)-0.86
IF(tA(J).GE.3.AND.IA(J).LE.5) GOTO 110
X(J)-0.3
Y(J)-0.6
Z(J)_0.78
CONTINUE
fl?(IA(J).GT.8.OR.IA(J).LT.0)STOP
ALBED(J)-X(J)
DPLUS(J)Y(J)
KCLOU(J)-Z(J)
CONTINUE
WRITE OUT BOUNDARY CONDITIONS
WRITE(2,1)
WRITE(5,51)
WRITE(2,61)
WRITE(561)
WRITE(2,71)TA1 ,TA2,TA3,TA4TA5
WRITE(5 ,71)TAI. ,TA2 ,TA3 ,TA4 ,TA5
WRITE( 2,81)
WRITE(5,81)
WRITE( 2,91 )RPI. ,RFZ ,R.F3 ,RF4 ,RP5
1WRITE(5 ,91)RPI. ,RP2 ,R73 ,R14 ,R75
WRITE(2,l01)
WRITE(5 ,l01)
WRITE(2,111)
WRITE(5 ,I11)
IWRITE(2,121)
WRITE(5 ,121)
00 130 J'-1,4
WRITE(2.131) IA(fl.ITCJ)
WRITE(5,131) IA(J),IT(J)
CONTINUE
WRITE(2,141)
WRITE(5 ,141)
WRITE(2,151)X(1),X(2),X(3),X(4)
WRITE(5,151)X(1) ,X(2),X(3),X(4)
- 289 -
0181	 WRITE(2,161)
0182	 WRITE(5,161)
0183	 WRITE(2,17l)Y(1)Y(2),Y(3),Y(4)
0184	 WRITE(5,111)Y(1),Y(2),Y(3),Y(4)
0185	 WRITE(2,181)
0186	 WRITE(5,181)
0187	 WRITE(2,191)z(1),z(2),Z(3),Z(4)
0188	 WRITE(5 ,19])z(1),Z(2),Z(3),Z(4)
C
C	 CONVERT TEMPS TO KELVIN SCALE
C
0189	 TT(1)-ZTK(TT(1))
0190	 TZ(1)-ZTK(TZ(1))
0191	 Th-ZTIC(TR)
0192	 DO 160 1-1,72
0193	 TA(I)-TA1
0194	 RHF(I)-RF1
0195	 IP(I.GE.1.ANDSI.LE.9)GOTO 135
0196	 TA(I)-TA2
0197	 RBP(I)-RF2
0198	 IF(I.CT.9.AND.I.LE.18) COTO 135
0199	 TA(1)-TA3
0200	 RHP(I)-RP3
0201	 1P(I.CT.18.AND.I.LE.36) GOTO 135
0202	 -TA(I)-TA4
0203	 RHF(I)-RP4
0204	 IF(I.CT.36.AND.I.LE.54) COTO 135
0205	 TA(I)-TA5
0206	 RHF(I)-RP5
0207	 135	 IF(I.GT.36)UA(I)-UA(37)
0208	 IP(I.CT.36) COTO 138
0209	 UA(I)-UA(1)
0210	 138	 IF(TA(I).LT.-1O.0.OR.TA(1).CT.30.0)GOTO 350
0211	 TA(I)-ZTK(TA(I))
0212	 YSWIB(I)-SRMB(TA(I))
0213	 V(I)_RBP(I)*YSHMB(I)
0214	 W(I)1.5*V(I)4O.6
0215	 IF(I.CT.1)cOTO 140
0216	 WRITE(5,201)
0217	 WRITE(2,201)
0218	 WRITE(5,211)YSHMB(1),V(1),REP(1),W(1)
0219	 WRITE(2 ,211)YSHNB(1),V(1) ,RRF(1),W(1)
0220	 140	 CONTINUE
0221	 IF(I.NE.1.AND.I.NE.37) COTO 150
0222	 ZA(I)-ZAIR(UA(1),ZO)
0223	 EXCO(I)((XARMAN**2)*AIRDEN*UA(I) )/((ALOG(ZA(1)/Z0))**2)
0224	 COTO 160
0225	 150	 ZL(1)-zA(1)
0226	 EXCO(1)-EXCO(1)
0227	 IF(I.LT.37) GOTO 160
0228
0229
0230	 160
C
C
C
0231
0232
C
C
C
0233
0234
0235
0236
0237
0238
0239
0240
0241
0242
0243
0244
0245	 165
0246
0247
0248
0249
0250
0251	 110
0252
0253
0254	 180
0255
0256
0257
0258
0259
C
C
C
1'
0260
0261
0262
0263
0264
0265
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ZA(I)-ZA(37)
EXCO(I)-EXCO(37)
CONTINUE
WRITE DAMPING DEPThS
WRITE(2,221)ZG,ZA(1),ZA(37),EXCO(1),EXCO(37)
WRITE(5221)ZG,ZA(1) ,ZA(37),EXCO(1) ,EXCO(37)
GENERATE AND WRITE RADIATION
DO 180 1-1,72
ALBED1-ALBED( 1)
DPLUS1-DPLUS(1)
IF(I.LE.18)GOTO 165
ALBED1-ALBED( 2)
DPLUS1-DPLUS (2)
IF(I.LE.36) COTO 165
ALBED1-ALBED(3)
DPLUSI-DPLUS(3)
IF(I.LE.54) GOTO 165
ALBED1-ALBED (4)
DPLUS1-DPLUS(4)
J'4fOD(I+36,72)
IF(J .EQ .0)J-72
TIME(I)-(J-1)/3
IF(MOD(I-1,3).NE.0) GOTO 170
MINI-1
CALL STJNDEC(DAYS ,TflIE( 1) ,MIN ,DEC ,ft)
CONTINUE
CALL SUNGEN(DEC,W(I),D,R,J,EXT(I),BEAM(I),DIPP(I),
1BACSKT(I),SOL(I),SHD(I),ALBEDO(I),ALBED1 ,ALBED2,ALBED3,
1ALBED4 ,DPLUS1 ,DPLUS2 ,DPLUS3 ,DPLUS4)
SUN(I)(i ._SHDRAT)*SOL(I)+SHDRAT*SHD(I)
CONTINUE
WRITE(2 ,231)
WRITE(5,231)
WRITE(2,241)DEC,R,TT(l),TZ(1),SURP,UA(1),UA(37),D,MWET
WRITE(5,241)DEC,R,TT(i)TZ(1),SURP,UA(i),UA(37),D,MWET
WRITE( 2,251)
WRITE(5,251)
INTEP'/AL HALVING ALGORITHM
DO 310 1-1,72
SUM(1)'O.O
K-i
Z1-TA( I)-20 .0
Z2-TA(I)+20 .0
SHOW(1)0.O
C
C
C
0281
0282
0283
0284
0285
0286
0287
0288
0289
	
230
0290
0291
0292
0293
	
240
0294
0295
0296
0297
0298
0299
0300
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0266
	
GOTO 210
0267
	
190	 T(I)-Z2
0268
	
GOTO 220
0269
	
200	 K-K+1
0270
	
IF(K.EQ.2) COTO 190
0271
	
T(I)-TE(K-1)-((TE(K_1)_TE(K_2))*SjIOw(K_1))/(SH0w(I(-1)-SRow(K-2))
0272
	
COTO 220
0273
	
210	 T(I)-Z1
0274
	
220	 KcLOUl-KCLOU(1)
0275
	
TE(K)-T(1)
0276
	
IF(I.cT.18)KcLoUl-KcLOU(2)
0277
	
IF(I.GT.36)XcLOU1-l(coU(3)
0278
	
IF(r .cT.54)KcLouj-iccLou(4)
0279
	
RNLONG(0.95*(BB(T(I))))_((BB(TA(I)))*(0.82_0.25*(10.0**(_0.094
1*V(I)))))
0280
	
RN(I)-(1 .-ALBEDO(I))*STJN( t)_RNLONC*KCLOU1
INTRODUcE LAG
IF(I.cr.1) GOTO 230
TX(I)-(TZ(I)+T(I))/2.O
TU(I)-(TX(I)+T(I))/2.O
ZT-ZC/2 .0
ZZ-ZT/2 .0
ZX-ZZ/2 .0
ZIJ"ZX/2 .0
GOTO 240
TZ(I)-TZ(t-1)+RDc*((T(I_1)_2 .*TZ(I_1)+TT(I_1))/(ZZ*ZZ))*1 .2E3
TX(I)TX(I-l)+RDA*((T(I_1)_2 .*Tx(I_1)+TZ(I_1))/(ZX*ZX))*1.2E3
TU(I)TU(t_1)+EoA*((T(I_1)_2.*rU(I_1)+Tx(I_1))/(ZU*ZU))*1 .2E3
S(I)(RKA/ZU)*(TU(t)_r(I))*6o.E3
tF(I.EQ.LwET1)sR}Jy 1 .0
EXX0(I)EXGO(t)*i1pIX(TA(I) ,T(I),ZA(I),Z0,UA(I),RX(I))
R( I)-EXXO( I) *JRC.p*(TA( I)+DRYADB*ZA( I)-T( I) )*60 .E3
QGRAD-Q(TA(I) RBF(I) )-Q(T(I) ,1.0O)
IF(QGRAD.GT.0.0) COTO 270
LE(I)-EXXO( I) *	 T*QAD*6O .E3*SRRF
GOTO 280
C
C
	
DEW FALLS EVERYWHERE
C
0301
	
270	 LE(I)EXX0(I)*LazAr*Qc[w)*6o.E3
0302
	
280	 CONTINUE
0303
	
SHOW(1c)-RN(I)+S(I)+a( fl+LE(I)
0304
	
IF(SHOW(K).CT.1 .OR.SHOW(K).LT.-1.0) GOTO 200
0305
	
IF(I.EQ.1)coTo 290
0306
	
SUM(I)-SUM(I-1)+LE(I)
0307
	
290	 IF(SUM(I) .LT.RAIN)SRHF-O,O
C
C
C
0308
0309
0310
0311
0312
0313
0314
0315
0316
0317
0318
0319
0320
0321
0322
0323
0324
0325
0326
0327
0328
0329
0330
0331
0332
0333
0334
0335
0336
0337
0338
0339
0340
0341
0342
0343
0344
0345
0346
0347
300
310
320
330
340
C
C
C
350
360
370
C
C
C
11
16
21
31
41
46
51
61
71
81
91
101
111
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CONVERT SURF.TEMP. TO (ZLCIUS
TC(I)-ZTC(T(I))
T18(I).'ZTC(TZ(I))
T9(I).'ZTC(TX(I))
T5(I)-ZTC(TU(I))
T35(I)-ZTC(TT(I))
TD( 1)-SURF
IF(I.EQ.1) COTO 300
TD(I)"TC(I)+(TD(I-l)-TC(I) )/2 .0
WRITE(2,261)TIME(I),SUN(I)RN(I),S(I),H(I),LE(I),TD(I),
1TC(I),SUM(I),RI(I)
CONTINUE
WRITE(5,251)
DO 320 1-1,72
WRITE(5,261)TINE(I),SUN(I),RN(I),S(t),R(I),LE(I),TD(I),
1TC(I),SUM(I),RI(I)
DO 330 JP-1,24
I- 1+3*JP
TIME (I) -TIME (I )+0 .3
CONTINUE
DO 340 JR124
I3*JR
TIME (I) -TIME (I )+0 .6
CONTINUE
CRAPHICS
00T0 370
CONTINUE
WRITE(2,271)
WRITE(5 ,271)
CONTINUE
CONTINUE
FORM&T STATEMENTS
FOEM&T(I)
FORMAT(A)
FORMkT(1X,4HDAY: ,12,SX,6HMONTH: ,12,5X5HYEAR: ,14/)
FORMAT(F)
FORNAT(3F)
FORM&T(2F)
FORMAT( lOX. '****INpflT DATA****')
FORMAT(5X, 'TAl' ,5X, 'TA2' ,5X, 'TA3' ,5X, 'TA4' ,5X, 'TA5')
FORNAT(5(4X,F4.1))
FORM&T(5X,'R.F1',5X,'RF2',5X,'RF3',5X,'R.F4',5X,'RF5')
FORMAT(5(4X,F4.2))
FORMAT(' CLOUD CONDITIONS FOR 1200 1800 0000 0600')
FORMAT(' CLOUD AMOUNT	 CLOUD TYPE')
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0348
0349
0350
0351
0352
0353
0354
0355
0356
0357
0358
0359
0360
0361
0362
0363
0364
0365
0366
121	 FORMAT(' IN OCTAS')
131	 PORMAT(5X,I1,20X,A4)
141.	 FORMAT(' ALBED1
	
ALBED2	 ALBED3	 ALBED4')
151	 FOR}IAT(1X,P5.2,5X,F5.2,8X,F5.2 ,5X,F5.2)
161	 FORNAT(' DPLUS1
	 DPLUS2	 DPLUS3	 DPLUS4')
171.	 FORNAT(1X,F5.2 ,5X,F5.2 ,8X,F5 .2 ,5X,F5 .2)
181	 FORNAT(' KL0U1
	 KcLOU2	 KL0U3	 Ka40U4')
191	 FORM&T(1X,F5 .2 ,5X,F5.2 ,8X,F5.2 ,5X,F5 .2)
201	 FORM&T(10X,'***COHPUTED DATA***')
211	 FORNAT(1OX,'SAT. yAP. PRESSURE(MB)-',F6.2,/,lOx,
1 'VAPOUR PRESSURE(MB)-' ,F6.2 ,I,10x, 'REL. HUMIDITY FRACTION-',
1F6.2,/,1OX,'APPROX. PRECIP. WATER(MM)-'F6.1)
221	 FORMAT(1OX,'ROAD DAMPING DEPTH(CM)-' ,P8.0,/,10x,
1'AIR DAMPING DEPTH(CM)',2F10.O,/,1OX,
1'AIR HEAT TRANSFER COEF.(CGS)-',2F10.5)
231	 FORM&T(3X,'DEC',7X,'R',4X,'T36',2X,'T18',3x,'TS',5X,
1'UA'7X,'D',7X,'TIME WET')
241	 FORMAT(2F8.3,2F5.1,F6.1,2F5.0,F6.1,6X,14)
251	 FORMAT(IX,'SOLAR',2X,'SUN',3X,'RN',4x,'s',5x,'lj'
1,5X,'LE',6X,'TD',5X,'TC',5X,'SUM',6X,'RI',/,'TI.ME',
114X,'(ALL MLY./MIN.)',12X,'(C.)')
261	 FORMAT(IX,F5.1,1X,F5.1 ,1X,F6.1 ,3(1X,F5.0),2X,F6.2
1,1X,F6.2,1X,F6.0,2X,F8.5)
267	 PORMAT( '$DO YOU WANT ANOThER FORECAST?')
271 'FORMAT( 4X, 'ERROR IN DATA -- CHECK ALL INPIT DATA')
STOP
END
- 294 -
0001
	
SUBROUTINE SUNGEN(DEC,W,D,R,I ,EXT,BEAN,DIFF,BACSICTSOL,
1 SlID ,ALBEDO ,ALBED1 ,ALBED2 ,ALBED3 ,ALBED4 , DPLUS 1, DPLUS 2,
1DPLUS3 ,DPLUS4)
0002
	
XLAT51.
0003
	
SLIME-I-i
0004
	
HRAD((SLIME*5.0)_180.0)/57 .29578
0005
	
RLATXLAT/57 .29578
0006
	
RDEC-DEC/57 .29578
0007
	
cOSZ-SIN(RLAT) *srN(pEc)4s(R)*cos(pl)Ec)*cos(Rp)
0008
	
ALBEDoO.14-0.i31*(AcoS(COSZ)**4.0)
0009
	
XM-ABS(1.ICOSZ)
0010
	
ABSD_0.174*(((W*XM)/20.)**O.6)
0011
	
SCAT-0 .083*( (D*XN)**0.9)_0 .089*((XM)**0.75)
0012
	
IF(cOSZ.GT.0.) COTO 100
0013
	
CD SZ-0 .0
0014
	
100	 CONTINUE
0015
	
EXT-(2 .E3/R**2)*COSZ
0016
	
BEAN-( 1 .-ALBED]. )*EXT*EXP (ABSD+SCAT)
0017
	
DIFFDPLUS1*EXT*(1 .-EXP(SCM))
0018
	
SOIAR-BEANfDIFF
0019
	
BAcSKT0.5*ALBEDO*SOLAR*(1 .-EXP(SCAT))
0020
	
SOL-SOLAR+BACSKT
0021
	
SHD-SOL+BEAN
0022
	
RETURN
0023
C
C
C
0001	 FUNCTION RIFIX(TA,T,ZA,ZO,UA,RI)
0002	 c-980.
0003	 DRYADB-1.E-4
0004	 TBARO.5*(TA+T)
0005	 TCRAD(TA+DRYADB*ZA_T) /ALOC(ZAIZ0)
0006	 UCRAD-UA/ALOG(ZA/Z0)
0007	 RI(G/TBAR)*(TGRAD/(UGRAD**2.0))
0008	 RIFIX-SQRT(SQRT(ABS(1 ._18.O*RI)))
0009	 RETURN
0010	 END
C
C
C
0001	 FUNCTION ZAIR(UA,ZO)
0002	 ZA-ZO
uuu.	 riuQ'.j2U
0004	 100	 ZA-ZA+1.O
0005	 THEN-SNOW
0006	 D0C(.16*UA)/AL0G(ZA/Z0)
0007	 DNC.1(ZA*ZA)/5.184E5
0008	 SNOW-ABS (DOC-DNC)
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0009
	
IF(THEN. CT .SNOW)COTO 100
0010
	
ZAIR-ZA
0011
	
RETURN
0012
	
END
C
C
C
0001
	
FUNCTION SHNB(TK)
0002
	
SArwTK10.**(_7.90298*((373.16/Tx)_1 .)+5.o2808*ALoclO(373.16/Tx)
1_1.3816E_7*(l0.**(11.344*(1._('rx/373.16)))_1,)
2+8.1328E_3*(10.**(_3.49149*((373.16/Tx)_1.))_1.)
3+ALOGLO(1013.246))
0003
	
SAIITK10.**(_9 .09718*((273.16/TK)_1.)_3.56654*AT.aOGlO(273.16/TK)
1+0 .876793*(1 .-(TK/273 .16))+ALOG1O(6 .1071))
0004
	
IF(TK.LT.273.16)GOTO 100
0005
	
SHMB-SATWTK
0006
	
GOTO 110
0007
	
100	 CONTINUE
0008
	
SRMB-SATITK
0009
	
110	 CONTINUE
0010
	
RETURN
0011
	
END
C
C
C
0001
	
FUNCTION Q(TKIRHP)
0002
	 Q(O.622*SHMB(TK)*R1iF)/t013.
0003
	
RETURN
0004
	
END
C
C
C
0001
	
FUNCTION ACOS(COSZ)
0002
	
SS-ABS(COSz)
0003
	
IF(ss.cr.1.0) COTO 100
0004
	
AcOS_(1.5707288+SS*(_0.2121144+SS*(0.074261_SS*0.0187293)))
1*SQRT(1.0_SS)
0005
	
GOTO 110
0006
	
100	 ACOS-O.0
0007
	
110	 IF(COSZ.LT.0.0)ACDS-3 .141572-ACOS
0008
	
RETURN
0009
C
.0
C
0001
	
SUBROUTINE TNOUA( PROMPT N)
0002
	
ETTE PROMPT(72)
0003
	
WRITE(5,10)(PROMPT(I),I-1,N)
0004
	
10	 FORNAT(72A1,$)
0005
	
RETURN
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0006	 END
C
C
C
0001	 SUBROUTINE SUNDEC(DAYS ,HOUR,MIN,DEC,R)
0002	 ANCRAD(DEG)-DEG/57.29578
0003	 DEG(E)E*57.29578
0004	 D-DAYS+(UOUR+(MIN)/3. )124.
0005	 T-'D/36525.
0006	 SLONG-279.696678+0 .9856473354*D+0 .303E_3*T**2
0007	 ANOMAL-358 .475845+0 .98560O2670*D0 • 150E_3*T**2
1-0 .3E_5*T**3
0008	 E0.O1675104O.4180E_4*T_0 . 126E-6*T**2
0009	 EPSIL-23 .452294-0 .0130125*T-0 • 164E_5*T**2
1+0.503E-6*T**3
0010	 C-ANGRAD(ANOMAL)
0011	 SLANSL0NQI-(2.0*DEG(E)_0.25*DEG(E**3))*SIN(G)
1+1.25*DEG(E**2)*SIN(G*2.0)+13./12.*DEC(E**3)*SIN(c*3.0)
0012	 RDECASIN(SIN(ANCRAD(EPSIL))*StN(ANCRAD(SLAM)))
0013	 DECRDEC*57 .29578
0014	 1.Gf-0.5lE**2_(E_3. /8.*E**3)*cOs(c)_0.5*E**2*C0S(G*2.0)
l_3./8.*E**3*COS(C*3.0)
0015	 RETURN
0016	 END
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CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
DEVSPE(2400)
WINDOW(2)
PENSEE, (1, 0. 1, 4)
MOVTO2 (20.0 , 240. 0)
CHAROL (7HDATE: *.)
MOVTO2 (4 0. 0 240 .0)
CBAA1(TITLE,20).
MOVTO2 (4 0. 0, 239.0)
LINTO2(90.0,239.0)
MOVTO2(25.0,230.0)
CHAROL(6HDEC:*.)
MOVTO2(35.0,230.0)
CBAFIX(DEC, 6,2)
MOVTO2(55.0,230.0)
CBAROL(4HR:*.)
CHAFIX(R,5,3)
MOVTO2 C 25. 0, 220. 0)
CHAUOL(32BBOUNDARY CONDITIONS:
CRAFIX(UA(1),6,1)
CRAFIX(UA(37) ,6,1)
MOVTO2 (140. 0, 220 .0)
CHAROL(11RTIME WET: *.)
CHAINT (MWET, 3)
MOVTO2(40.0,210.0)
CHAHOL(46B1200	 1500
MOVTO2 C 20 .0, 200 .0)
CHAHOL(6RT0'C*.)
MOVTO2 (40. 0, 200. 0)
CHAFIX(SURF,4,1)
MOVTO2(20.0,192.0)
CHAHOL (7RT1B 'C*.)
MOVTO2 (40.0 ,192.0)
CUAFIX(T18(1) ,4,1)
MOVTO2(20.0,184.0)
CRAHOL(7RT36 'C*.)
MOVTO2 (40.0 , 184 .0)
CHAFIX(T35(1) ,4,1)
MOVTO2(20.0,176.0)
CBAUOL(6IITA$C*.)
MOVTO2(40.0,176.0)
CBAFIX(TA1, 4,1)
MOVTO2(67.0,176.0)
CHAFIX (TA2, 4,1)
MOVTO 2(93 • 0,176 • 0)
CHAFIX(TA3, 4,1)
MOVTO2 (119.0 ,176.0)
CHAFIX(TA4,4,1)
MOVTO2 (145. 0, 176.0)
CRAFIX (TA5,4,1)
MOVTO2(20.0,168.0)
CBAHOL(5RRHF*.)
MOVTO2(40.0,168.0)
CEIAFIX (RF1,4,2)
MOVTO2(67.0,168.0)
CHAFIX (RF2,4,2)
MOVTO2(93.0,168.0)
UA1,UA2:*.)
1800	 2400	 0600*.)
Graphics program using GINO
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CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CHAFIX(RF3 ,4,2)
MOVTO2(119.0,168.0)
CHAFIX(RF4,4,2)
MOVTO2(145.0,168.0)
CEIAFIX(RF5,4,2)
MOVTO2(20.0,160.0)
CBAHOL(7HCLOUD*.)
MOVTO2(40.0,160.0)
CHAINT(L1, 3)
MOVTO2(93.0,160.0)
CHAINT(L2, 3)
MOVTO2(119.0,160.0)
CHAINT(L3, 3)
MOVTO2 (1 45. 0 , 160. 0)
CHAINT(L4, 3)
MOVTO2(43.0,152.0)
CHAARR(IT(1) ,1,3)
MOVTO2(96.0,152.0)
CHAARR(IT(2) ,1,3)
MOVTO2(122.0,152.0)
CHAARR(IT(3) ,1,3)
MOVTO2(148.0,152.0)
CHAARR(IT(4) ,i,3)
PENSEL (1, 0. 1, 4)
AXIPOS(1,20.0,20.0,160.0,1)
AXIPOS (1,20.0, 20. 0,100. 0, 2)
AXISCA(3,24,0.0,24.O,1)
AXISCA(3,30,-10.0,20.0,2)
AXIDRA(+1,+1,1)
AXIDRA(-1,-1,2)
MOVTO 2(18 • 0,126 • 0)
CRAHOL(24USURFACE TEMPERATURE 'C*.)
MOVTO2 (140 . 0, 12. 0)
CHABOL(15BTIME IN HOURS*.)
MOVTO2(13.0,12.0)
CHABOL (6RNOON*.)
MOVTO 2(90 • 0,12 • 0)
CRABOL(10HMIDNIGHT.)
MOVTO2(30.0,120.O!
CHAHOL(50BACTUALVERSUS PREDICTED ROAD SURFACE TEMPERATURE*.)
MOVTO2(30. 0,118.0)
LINTO2(156.0,118.0)
PENSEL( 5, 0. 1,4)
MOVTO2I 20 • 0, 53. 5)
LINTO2 (180. 0,53.5)
PENSEL (2, 0.1, 4)
GRAPOL (TIME,TD,72)
MOVTO2 ( 80. 0, 110. 0)
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CALL LINTO2(90.0,110. 0)
CALL MOVTO2 ( 92.0 , 110. 0)
CALL CHAHOL (11HPREDICTED*.)
CALL PENSEL (4, 0. 1,4)
CALL GRAPOL(TIME,AT, 72)
CALL MOVTO2 ( 80. 0 , 100 .0)
CALL LINTO2(90.0,100. 0)
CALL MOVTO2(92.0,100.0)
CALL CHAHOL (8HACTUAL*.)
CALL PENSEL (3, 0. 1,4)
CALL GRAPOL(TIME,AIR, 72)
CALL MOVTO2 ( 80.0, 90 .0)
CALL LINTO2(90.0,90.0)
CALL MOVTO2 ( 92. 0, 90. 0)
CALL CHAHOL (5HAIR*.)
CALL PENSEL(1, 0.1,4)
CALL GRAPOL (TIME, SLAB, 72)
CALL MOVTO2(80.0,80.0)
CALL LINTO2(90.0,80.0)
CALL MOVTO2 ( 92.0, 80. 0)
CALL CHAHOL(6HSLAB*.)
CALL DEVEND
CALL T4010
CALL PENSEL (1, 0. 1, 4)
CALL AXIPOS(1,20.0,140.0,160.O,1)
CALL AXIPOS(1,20.0,140.0,100.0,2)
CALL AXISCA(3,24,00,24.0,1)
CALL AXISCA(3,20,-300.0,300.0,2)
CALL AXIDRA(+1,+1,1)
CALL AXIDRA(-1,-1,2)
CALL MOVTO2 ( 20.0 , 190. 0)
CALL LINTO2(180.0,190.0)
CALL MOVTO2 (140. 0, 130. 0)
CALL CHAHOL(15HTIME IN HOrJRS*.)
CALL MOVTO2 (18. 0, 243. 0)
CALL CHAHOL(17HFLUX IN MLY/MIN*.)
CALL MOVTO2 ( 60 .0, 243 . 0)
CALL CHAHOL(41HGRAPH OF TERMS IN HEAT BALANCE EQUATION*.)
CALL MOVTO2(60.0,241.0)
CALL LINTO2(162. 0,241.0)
CALL WINDO2(20.0,180.0,140.0,240.0)
CALL PENSEL(2,0.1,4)
CALL GRAPOL (TIME,RN, 72)
CALL
	 (3,0.1,4)
n - -
',... r	 j	 .FSJ S Stae.a t.
	 I
CALL PENSEL(4,0. 1,4)
CALL GRAPOL(TIME,H,72)
CALL PENSEL (1, 0. 1, 4)
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CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
LaIjka
CALL
CALL
GRAPOL(TIME,LE,72)
MOVTO2 (30. 0, 233. 0)
CHAHOL (5BKEY*.)
MOVTO2 ( 40. 0, 233 .0)
LINTO2(45.0,233.0)
MOVTO2 ( 47. 0, 233.0)
CHAHOL(4HLE*.)
PENSEL(2,0.1,4)
MOVTO2 (57. 0, 233. 0)
LINTO2(62.0,233.0)
MOVTO2 C 64. 0, 233. 0)
CHAHOL(4BRN*.)
PENSEL (3, 0.1, 4)
MOVTO2 (74. 0, 233. 0)
LINTO2(79.0,233.0)
MOVTO2 C 81. 0, 233 .0)
CBAHOL(3HS*.)
PENSEL (4, 0. 1,4)
MOVTO2 (90. 0, 233. 0)
LINTO2(95.O,233.0)
MOVTO2 (97. 0, 233 . 0)
CHAHOL(3HH*.)
WINDOW(2)
PENSEL (1, 0.1,4)
MOVTO2 (56. 0, 2. 0)
CHAA1 (TITLE, 20)
MOVTO 2(56 • 0,1 • 0)
LINTO2(109.0,1.0)
AXIPOS(1,20.0,20.0,160.0,1)
AXIPOS(1,20.0,20.0,100.0,2)
AXISCA(3,24,0.0,24.0,1)
AXISCA(3,30,-10.O,20.0,2)
AXIDRA(+1,+1,1)
AXIDRA(-1,-1,2)
MOVTO2 (18. 0, 126. 0)
CHAHOL(17B TEMPERATURE 'C*.)
MOVTO2(140.0,12.0)
CHAHOL(15HTIME IN HOURS*.)
MOVTO2 (13. 0, 12.0)
CHAHOL(6HNOON*.)
MOVTO2(90.0,12.0)
CHAHOL (1 OHMIDNIGHT*.)
MOVTO2(30.0,120.0)
CHAHOL(46HACTUAL VERSUS PREDICTED SUB ROAD TEMPERATURE*.)
M2X!2 (30.0,118.0)LtLL
GRAPOL(TIME,T35, 72)
MOVTO2 (40 . 0, 110. 0)
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CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
LINTO2(50.0,110.0)
MOVTO2(52.0,11O.0)
CHABOL (16HPREDICTED 36cm*.)
PENSEL (2, 0. 1,4)
GRAPOL(TIME,T36,72)
MOVTO2 (40. 0 , 100 .0)
LINTO2(50.0,100.0)
MOVTO2(52.O,100.0)
CHAHOL (13HACTUAL 36cm*.)
PENSEL (3, 0. 1,4)
GRAPOL(TIME,T18, 72)
MOVTO2 (100.0 ,110.0)
LINTO2(110.0,110.0)
MOVTO2(112.0,110.0)
CHAHOL (16HPREDICTED l8cm*,)
PENSEL (4, 0.1,4)
GRAPOL(TIME,T17, 72)
MOVTO2(100.0,100.0)
LINTO2(110.0,100.0)
MOVTO2(112.0,100.0)
CHAHOL (13HACTUAL l8cin*.)
DEVEND
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APPENDIX 2
Additional Results and Original Data for 30 Nights Considered in
Chapter 6 (see page 160)
31-01-79
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•..CU...tU'.0 UATAê
SAT. yAP. PRt.SSUs4E(140)a 9.54
VAPUUU PR*SSURE(Ma). 7,44
MEL.. UUNIUITT FRACTION * 0.78
APPKUZ. PRCIP WATER(M1* 11.8
	
MOAP DAMPINO i*PTH(CI)	 72.
	
AIR DAMPING D*PTH(CM)* 	 2642.	 3258.
AIR IIAT TRAMSF*.M COEF.(CGS)	 0.00260
VEC
	 K	 736 710 TS	 VA	 0
.17.197
	 0.985275.4270.0	 7.5 435, 688.	 0.5
SOLAR SUN KM	 S	 H	 bE	 TO
TINE
	 (ALL IILY./NIN.)
12.0 251.0 125.7 -58. -68.	 0.	 7.50
50.3 124.7 -58. -68.	 0.	 7.9412.0 2
46.3 121.9 -56. -67.	 0.	 8.1412.0 2
44.9 117.2 -54. -64.	 0.	 8.2113.0 2
40.1 110.6 -51. -61.	 0, . 8.2013.0 2
34.0 102.2	 47.	 56.	 0.	 8.1313.0 2
26.3	 92.1 -42. -51.	 0.	 8,0314.0 2
17.1	 80.2 -37. -44.	 0.	 7.0914.0 2
04.1	 óo.7	 31. -36.	 0.	 7.7114.0 2
92.9	 51.6 -13. -39.	 0.	 7.3615.0 1
76.8	 35.5	 -9. -27.	 0.	 7.0215.0 1
55.8	 16.2	 -4. -15.	 0.	 6.7015.0 1
24.	 0.0	 2.	 -3.	 0,	 6.37ló.0 1
54.4 -19.o	 8.	 10.	 0.	 6.0316.0
0.0 -27.6	 8.	 18.	 0.	 4.7516.0
0.0. -27.4	 5.	 22.	 U.	 5.5717.0
0,0 -27.3	 3.	 24.	 0.	 5.4517.0
0.0 -27.2	 1.	 25.	 0.	 5.3717.0
0.0 -27.2	 11.	 15.	 0.	 5.1718.0
0.0 -27,0	 8.	 19.	 0.	 5.0218.0
0.0 -4o.9	 8.	 21.	 0.	 4.9218.0
0.0 -24.6	 5.	 22.	 0,	 4,8519.0
0.0 -26.7	 4.	 23.	 0,	 4.8019.0
0,0	 4ô.7	 3.	 24.	 0.	 4.7619.0
0,0 -26.8	 2.	 25.	 0.	 4.7320 • 0
0.0 -2..b	 1.	 2b.	 0.	 4.7120.0
0,0 -26.ta	 0.	 26.	 0.	 4.6920.0
0.0 -26.5	 U.	 27.	 0,	 4.6721.0
TC
(C.)
0,38
0.30
8.34
0.28
8.19
0.07
7.92
7.74
.7 • 54
7.01
.6.69
6.37
6 • 04
5.69
4.47
4.38
5.33
5.29
4.97
4.87
4.81
4.78
4.75
4.72
4.70
4 •
4.474•f5
0.00380
TiNE WET
22
SUN
1.
0.
0.
U.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
(1.
0.
0.
0.
0.
U.
141
4.000 17
-0.0001 1
-0.00411
• 00016
-0.00015
-0.00014
-0.00013
-0.00011
-0.00009
-0.40014
-u • 0004)7
-0.00004
-4.0400*
0.OuOU1
0.00005
0.0000o
0.00006
0.4400?
0.00004
0.400uS
0.00004
0.00006
0.006o
0.0000,
4.000uO
0.00007
U • 0000?
0.00007
0.00007
0.00007
0.00010
4.00011
0.000 11
0 .000 11
0.00011
0.u0012
0.00004.
0.00405
o • oouos
0.00uOS
0.00005
0.00005
0.00005
0.00005
0.00005
0.000vS
0.40005
0.00005
0.00005
0.00405
0.uuUuS
0.00005
0.00005
,.004U5
0.40004
0,08444
0,40004
0.u0004
0.00004
0,00404
0.804o4
6.00003
0.00oo3
0,00402
0.00002
0.000u*
• ..#v. I
0.00uO*
0 .0Oc,0 I
0.00040
4 .401.04
-0.00404
-TO ---T36--Air
7.Su 4.20 6.70
7.00 2.10 4.941
8.50 2.2v 6.80'
9.00 2.20 6.70
0.4.0 1.90 6.44)
8.40 2.10 4.10
6.00 2.40 u.24)
7.1*, 1.14) 5.4.4,
7.lo l.Oo 5.70
7.70 2.40 o.8u
7.40 2.ou 6.40
7.20 2.9') 6.30
4.80 3.00 ..40
6.3., 3.10 5.6.,
4..4u 3.30 5.50
S.*,0 4.30 .5.20
5.10 3.00 5.00
5.2.' 4.1.1 4.00
5.30 3.40 3.10
4.10 3.20 3.70
4.90 3.4v 4.90
5.0.. 3.50 4.90
4.30 2.90 4.70
4.6u 3.20 5.1')
4.60 1.00 5.10
4.lu Jo9 5.4o
..5* 3.60 4.Lo
3.90 3.20 4.5.)
3.9.0 3.4*) 4,4.4)
4.uu 3.30 5.00
4.30 3.64) 5.54
l.4u 3.60 5.du
4.50 '3.60 6.00
4,,i 3..0 6,2..
4.60 3.70 ..so
5.41.. 3.90 b.Su
4.70 3.1.0 4.40
4.So 3.40 b.1v
4.44 3.40 6,lo
4.20 3.10 6.04)
4.30 i.2u 5.o
4.2) 3.Io 5.8"
1.80 3.10 6.2u
4.9.' 3.4.' 6.40
4.uO 2.90 4.541
4.Ou 3.1.0 v.20
4..'4 3.6.. 4..40
S.Gu 3.90 0.40
4.d( .1.60 n,2u
5.0*) 3.oO D.3v
5.00 3.00 64u
4.40 3.20 4.4.'
4.44 3.1.' 50u
4.50 3.4u 5.10
5.40 1.90 5.70
s.o 4.10 6.2.'
5.,Io 4.10 .,00
5.10 3.70 5.80
5.30 3.80 ö.wO
T18_Tslab-
2.00 0.1.
2.90 1.10
3.30 0.Qu
i.UU o.lo
3.40 7.90
3.10 7.Jo
4.10 6.60
3.64) 5.9u
i.40 040
..5U 4.50
..7u 5.9.)
4.40 5.6.)
4.90 4.14)
4.9*1 4.5',
4.iv ,.3.)
5.241 3.4,0
4.74) .1.14)
..70 3.2v
4.50 4.40
..b'J l.iu
4.541 .1.1.'
.1.60 1.*u
4.00 4.54)
434) . 34)
4.60 2.9*.
,.,u i.uU
4,Uu '2.vU
3.10 2.4u
j .'u 2.•i
4.10 2..,v
..241 2.90
4.24 i.iu
4.1., 3.40
.•4;) 3,5u
4.34) 4.00
4.40 4.tu
a.Ov 3.70
3.") J.uC
1.0. .1.ou
3.70 3.4)
3.70 1.50
4.20 4.50
4,40 4.2v
3.40 4.2o
4.10 1..,*
4.30 4.3
4..0 4.40
4.20 4.So
4.4v 4.Ju
4.50
J..O 4.Sv
1.6*) 3.ov
3,.0 .*.ev
4.44 4.uu
4.S, 4.50
4.ou 4.60
4,50 6.60
4.34 4.40
4.51) ..b0
4.70
4 • 64)
4.4.'
'1.40
4.90
4.7'.
4.64)
4.91)
540
S.4u
S • 4.,
5.20
5.4',
5.60 4.143 6.2u 4..0
5.uo .190 6.00 4.40
5.2o 3.50 4..0 1.00
5.20 3.50 5.5 ..Su
5.70 3.50 5.8*) 4.oO
4.40 1,50 4.50 4.30
5.40 '.": .j. .40
5.60 3.7.. 5.90
4.70 3.0 6.O'i 4...41
ó.Vu 4.9.' •,4*I e.i0
S.dO 1...' o.vu 4.40
5.90 3.70 4,v4' 4,5*)
4,9.i IsV 4,4*) ,9U
Actual-s
	
4.64	 0.
	
4.63	 0.
	
4.29	 -27.
	
4.23	 -52.
4.20 -77.
4.19 -101.
4.18 -124.
4.17 -14$.
4.89 -175.
4.96 -206.
4.99 -239.
5.01 -273.
5.02 -306.
4.02 -341.
5.03 -375
4.03 -410.
5.04 -445.
5.04 .480.
5.05 -516.
5.05 -551.
5.05 -587.
8.06 -623.
S.v6 -659.
4.06 -695.
4.06 -732.
5.06 -768.
4.1*) -796.
8.11 -824.
8.11 -852.
1.11 -000.
5.12 -908.
8.1$ •940.
4.32 -979.
5.4.8 .1025.
S.S -1077.
5.70 -1135.
5.04 -1199,
	
5.	 "12b7.
5.47
4.83 .1416.
4.09 -1495,
6.14 -ISlo.
7.03 -1576.
7.22 -*574.
21.0	 0.0 -26.5	 .	 21.	 0.	 4.66
21.0	 0.0 -26.5	 -1.	 27.	 0.	 4.64
22.0	 0.0 -25.8	 13.	 40. -27.	 4.46
22.0
	 0.0 -25.4	 9.	 42. -25.	 4.35
22.0
	 0.0 -25.6	 7.	 43. -24.	 4.28
23.0	 0.0 -25..	 5.	 44. -24.	 4.23
23.0	 0.0 -25.5	 5.	 4. -24.	 4.20
23.0	 4.0 -35.5	 4.	 45. -23.	 4.19
0.0
	 0.0	 24.7 -27.
	
79. -21.	 4.54
0.0
	 0.0 -24.9.. -18.
	 75. -31.	 4.75
0.0
	 0.0 -24.9 -15.	 73. -33.	 4.87
1.0	 0.0 -25.0 -14.	 72. -33.	 4.94
1.0
	 0.0 -25.0 -13.
	
72. -34.	 4.98
1.0
	 0.0 -25.0 -12,	 71. -34.	 5.00
2.0	 0.0 -25.0 -11.	 71. -35.	 4.01
4.0	 0.0 -25.0 -11.	 71. -35.	 5.02
2.0
	 0.0 -25.0 -10.	 70. .35.	 5.03
3.0	 0.0 -25.0 -10.	 70. -35.	 5.04
3.0	 0.0 -25.1	 -9.	 70. -35.	 5.04
3.0
	
0.0 -25.1	 9.	 70. -36. . 5.05
4.1
	 0.0 -25.1	 -9.	 10. -3..	 5.05
4.0	 0.0 -25.1	 -8.	 70. -36.	 5.04
4.0	 0.0	 25.1	 -8.	 69. -36.	 5.04
4.0
	 0.0 -45.1	 -8.	 69. -36.	 5.08
4.0	 0.0 •25.I	 -0.	 69. -36.	 5.06
4.4
	 0.0 -25,1	 -7. 69. -36.	 5.06
'.4
	 0.0 -25.2	 9.	 42. -28,	 5.00
4.0	 0.0 -25.2	 -0.	 .1. -28,	 8.09
'.4 0.0 -25.2 .o.	 61. -28.	 5.10
7.0
	 0.0 -25.2	 -7.	 61. -2S,	 5.11
7.,
	 0.0 -24,2	 -7.	 61, -28.	 5.11
7.0 83.8 -15.0 -1.0.
	
47. -32.	 5.15
8.0 123.9	 3.6 -14.. 49. -39.	 5.23
4.0 149.3	 24.5 -17.
	
42. -46,	 5.35
8.8 144.4	 35.7 -19.
	
35, -52,	 8.46
9., 174.8	 49.1 -20.	 29. -58,	 5.5$
9.0 184.5	 60.9 -21.	 23. -64,	 .5•49
9.0 188.5	 71.1 -21.	 19. -40.	 5.79
lu.0 *93.3	 79.8 .21.	 14. -73.	 5.80
10.0 197.0	 87.	 •:.	 7,
aU.V 1b9.9	 92.8 -2*.	 7. -79.	 4.02
11.0 202.1	 97,3	 21.	 5. -82,	 6,06
11.0 203.6	 96.6 -55.	 44,	 0,	 6.55
11.0 204.5 leu.1 -47. -54, 	 0,	 6.89
Model Output 31-01-79
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TIME IN HOURS
IN MLY/MIN GRAPH OF TERMS IN HEAT BALANCE EQUATIONFLUX
300
270
240
210
180
150
120
90
60
30
0
-30
-60
-90
-120
-150
-180
-210
-240
-270
-300
TEMPERATURE 'C
20	 ACTUAL VERSUS PREDICTED SUB ROAD TEMPERATURE
19
18
17	
____ PREDICTED 36cm	 ____ PREDICTED 18cm
16
15
14	
____ ACTUAL 38cm	 ____ ACTUAL 18cm
13
12
11
10
9
8
7
8
5
4
3
2
I
0
-1
-2
-3
-4
-5
-7
-8
-g
-10
NOON
0	 12	 14
MIDNIGHT
8	 18 20 22
TIME IN HOURS
31-01 FEBRUARY 1979
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***CUMPUIU DATAS**
SAT. YAP. P SSUREOIS) 10.36
VAPOUK PRESUME(Hb). 9.44
REt.. ttO4LL)1T1 FRACTION • 0.95
APPROX. PRCI&'. WATkk(MM)	 15.4
ROAD UA4PIJIG DPTl4(CM) •	72.
AIR DAMPING DEPT1(CH)*	 2996.	 3303.
	
AIR HIAT TRANSFER C0EF.CCG5)	 0.00327
uc	 K	 T36 719 15	 IA	 D
-10.912	 0.986277.2278.1	 6.3 573. 709.	 0.5
SOLAR SUN	 RN	 S	 II	 I.E	 TV
T1M1
	 (ALL. P411./KIN.)
12.0 2
	
04.9 103.6 -32.	 -9. -62.	 6.30
	04.6 103.0 -32.
	
-9. -62.	 7.1512.0 2
	
03.7 101.1 -31.	 8. -61.	 7.5612.0 2
	
02.2	 98.0 -30.	 -7. -60.	 7.7613.0 2
	
00.0	 93.6 -29.	 -6. -58.	 7.8413.0 2
	
97.1	 87.7 -28.	 -4. -56.	 7.8613.0 1
	
93.4	 80.6 -26.	 1. -53.	 7.8414.0 1
	
88.7	 71.9 -24.	 2. -50.	 7.8014.0 1
	
82.7	 61.7 -22.	 6. -46.	 7.7414.0 1
	
75.0	 51.1 -66.	 18.	 -3.	 8.2315.0 1
	
64.7	 37.4 -49.	 17.	 -5.	 8.4415.0 1
	
49.8	 22.2 -41.	 20.	 -1.	 8.5415.0 1
	
24.9	 5.3 -35.	 25.	 5.	 8.5716.0 1
	
67.0 -14.0 -29.	 32.	 12.	 8.5016.0
0.0	 24.0 -27. .	 35.	 16.	 8.4316.0
	
0.0 -24.0 -28.	 36.	 16	 8.3817.0
	
0.0 -24.0 -28.	 35.	 16.	 8.3717.0
	
0.0 -24.0 -27.	 35.	 16.	 8.3617.0
0.0 -25.1	 33.	 47.	 55.	 7.6313.0
0.0 -24.7	 16.	 55.. -46.	 7.1814.0
0.0 -24.6	 10.	 58. -43.	 6.9314.0
0.0 -24.5	 7.	 59. -41.	 6.7819.0
0.0 -24.4	 4.	 61. -40.	 6.7019.0
0.0 -24.4	 3.	 4!.	 40.	 6.6519.0
0.0 -24.4	 1.	 62. -39.	 6.6120 • 0
0.0 -24.3	 0.	 63. -38.	 6.5920.0
0.0 -24.3	 -1.	 63. -38.	 6.5720 • 0
0.0 -24.3	 -2.	 63. -37.	 6.5621.0
IC
(C.)
8.00
7.99
7.9.
7.96
7 • 92
7.88
7.83
7.76
7.68
8.71
4.74
8.67
8.57
8.43
o • 35
'.34
8 • 35
8.35
o.91
6.74
6.67
6.64
6.61
6.60
6.58
6.57
6.56
6.55
0,00390
TL$k WIT
12
SUM	 RI
	21.4)	 0.0
	
21.0	 0.0
	
22.0	 0.0
	
22.0	 0.0
	
22.0	 0.0
	
23.0	 0.0
	
23.0	 0.0
	
23.0	 0.0
	
0.0	 0.0
	
0.0	 0.0
	
0.0	 0.0
	
1.9	 0.0
	
1.0	 0.0
	
1.0	 0.0
	
2.0	 .0.0
	
2.0	 0.0
	
2.0	 0.0
	
3.0	 0.0
	
3.0	 0.0
	
3.0	 0.0
	
4.0	 0.0
	
4.0	 0.0
	
4.0	 0.0
	
5.0 .	0.0
5.0 0.0
5.0 0.0
4.0 0.0
6.0 0.0
	
6.0	 0.0
7.0 0.0
7.0 0.0
7.0 54.9
8.0 120.2
4.0 166.1
4.0 206.6
9.0 243.5
9.0 277.0
9.0 307.0
40 3%.6
10.0 356.4
10.0 375.3
11.0 390.3
11.I401.0
11.0 407.5
-24.3
-24.3
-24.3
-24 • 2
-24.2
-24 • 2
-24.2
-24.2
-29.1
-28.4
-28.1
-27.9
-27 • 8
-27.7
-27.7
-27.6
-27.5
-27.5
-27.4
-27.4
• 4
-27.3
• 3
-21 • 3.
-27 • 3
-27.2
-50 • 4
-SO • 0
499
-49 • 8
-49 • 7
-40.6
-21.1
• 1.3
.27.3
54 • 2
81.0
107.0
131.
152 • 7
166.2
1$0.0
19u.1
196.2
44. -37.
64. -37.
64. -37.
65. -36.
65. -36.
65. -36.
65. -36.
	
45.	 36.
•,1. -88.
19. -71.
27. -65.
31. -62,
34. : 59•
36. -57.-
.34, -55.
40. -54.
42. .53w
43. -52,
44. -51,
45. .-50.
46. -49.
47. 4S.r
44. ---48.
49, -47.
49. .47.:
-46.,-
$2. .. -55.
58. -',51,,
41. ••.4$•.
63. -47.
60. •49.
•S2 -54.
43. -62,
32 -70.
20. --79.
7. -89.
-Se .99.
_t
.27. -117.
	
-105.	 0.
	-12 .	 0.
	
•142.	 0.
	
-152.	 0.
-2.
i.
-4.
-4.
-4.
-S.
-5.
-5.
117.
$1.
66.
59.
53.
49.
45.
41..
39.
36.
34.
32.
30.
28.
27.
26.
25.
23.
53.
43.
39.
36.
34.
30.
23.
17.
11.
0.
1.
-3.
-9.
-62.
-53•.
.49.
-45.
-61.
-62.
-123.
-183.
-242.
-298.
-351.
-401.
-447.
-450.
-455.
-456.
-452.
-440.
-424.
-407.
-391.
-375.
-430.
,476.
-519.
-561.
-601.
-640.
-679.
-718.
-755.
-793.
- -830.
-867.
-903.
-940.
-976.
-1012.
-1047.
-1083.
-1171.
-1242.
-1307.
1 368.
-1428.
-1485.
-1540.
-1.594.
-1647.
-*699.
-1749.
-1799.
-1848.
-1897.
-1945.
-1992.
-2039.
-2085.
-2139.
-2190.
-2239.
-2206.
•2333.
,2382.
-2434.
-2498.
.2563.
•2647.
.21 37.
-2834,
-306*.
-3061.
-3061.
.3041.
-3061.
-0.00001
-0.00001
.0.00001
-0.00001
-0.00001
0.00000
0.00000
0.00000
0.00001
0.00002
0.00002
O .00002
0 .00003
0.00004
0.00004
0.00004
0.00004
0.00004
0.VOuOO
0.00001
0.000u7
0. 00007
0.00007
0.000v7
0.00007
0.00008
0.00008
0.00008
0 oo0 0
0.000uO
0.0000v
0.000410
0 .00008
O .0o0Q
0.004)08
0.00008
0 • 00001
0.00002
0.00002
0.0004)2
0,00002
0,00004
0.00003
0 .00003
0,0004)3
0.u0003
0,00003
0,00003
0.00003
0,00003
0.00004
0.00004
0,00004
0.00004
0.00004
0,00043
0,00002
0.00001
"-1
-0, 000el
V
'.55
6.54
6.54
6 • 53
6.53
6.52
6.52
6.52
5.03
4.11
3.58
3.20
3.10
2.99
292
2.87
2.43
2.79
2.77
2.74
2.72
2.71
2.69
2.6$
2.66
2.65..
2 .2S
2.04
1.12-
1.77
1.77
1.83
1.95
2.10
2.29-
2.40
2.70
9,0I
3.11
3.90
4.51
4.94
5.24
6.54
6.54
6.53
v.52
6.52
6.52
6.51
3.54
3.19
3 • 06
2.98
2.93
2.88
2.05
2.81
2.79
2.76
2.74
2.72
2.70
2.69
2.67
2.66
2.65
2.64
1.01! $0
1.76
1.74
1.72
1.76
1.90
2.07.
2.26
2.4*
2.70
2.91
3 • 30
4.70
6.11
5.36
5.54
TO T36 Air - T18 Ts].ab
6.40 4..,0 0.30 4.9u 5.60
4.50 4.20 6.60 5.10 5.00
7.10 4.40 7.10 5.00 6.10
7.00 4.10 7.10 5.4)0 6.5.,
7.00 4.00 7.40 5.00 6.40
7.10 4.00 7.90 5.10 6.54)
7.40 4.20 0.10 5.30 6.90
7.oO 4.30 8.40 b.vU 6.64)
7.90 4.50 4.80 5.40 7.44)
8.20 4.70 9.lv 6.20 1.00
8.20 4.70 9.20 5.10 7.1
7.70 4.10 8.0 5.60 1.4
7.80 4.20 8.70 5.tii 1.Iu
7.uO 4.00 8.60 5.10 (1.90
1.20 3.40 6.20 S.uU u.ilu
7.80 4.20 8.80 5.10 7.2u
7.80 4.20 3.90 5.10 7.2.s
7.90 4.30 9.10 5.94) 7.40
8.04) 4.40 9.20 5.9u 1.40
v.10 4.50 9.20 5.94) 7.4u
8.00 4.44) 9.0u v.00 1.4v
3.00 4.54) 9.20 v.00 7.64)
8.00 4.50 9.24k 0.10 7.40
b.1u 4.Ou 9.Iu 0.10 1.40
8.00 4.vG 4.80 v.20 I.Ju
3.00 4.70 9.oO v.40 7.24).
8.lu 4.60 3.4o 6.20 7.04)
7.80 4.70 7•94, v.20 6.0
7.70 4.70 8.00 v.20 6.30
7.vO 4.70 8.00 v.20 6.90
7.v 4.80 o.70 u.3. v.oU
7.lu 4.80 5.80 6.20 v.3o
7.04) 4.90 5.44) L..0 5.9v
6.30 4.90 5.0.i v.2 5.Su
6.30 4.90 4.10 0.lu 5.2)
0.00 4.90 4.Su v.00 5.Lv
5.50 4.90 4.20 5.80 4.10
5.20 4.9u 3.90 5.0 4.5'
S.Ou 4.90 3.60 5.70 4.30
4.40 4.90 3.Sti 5.vO 4,20
4.óO 4.90 3.20 5.50 3.90
4.40 4.90 3.10 5.50 3.vO
4.40 4.9u 3.30 5.20 3.70
4.14) 4.80 3.20 5.20 3.40
4.104.94) 3.20 5.20 3.50
3.80 4.70 3.20 4.90 3.3(1
3.70 4.60 3.00 4.8.) 3.10
3.40 4.40 2.90 4.941 2.90
3.70 4.00 3.10 4.70 3.00
3.50 4.60 3.10 4.50 2.90
3.20 4.50 2.90 4.00 2.bO
3.20 4.6v 2.9° 4.411 .2.lu
4.00 4.40 2.80 4.40 2.50
-2,50 4.541 2.704.30 1.80
2.Sö 4.60 2.50 4.30 1.90
2.00 4.50 2.10 4.20 1.20
1.00 4.40 2.10 4.00 0.90
1.79 4.50 -1.90 4.00. 0.30
1.50 4.50 1.944.90- -0.30
1.30 4.40 1.84) 3.50 0.10
1.10 4.20 1,403.40
1.30 4.10 1.74) 3.30 -o.lu
1.70 4.10 1.80 3.40 0.10
2.40 4.30 2.30 3.40 0.70
2.70 4,30 2.20 3.50 1.10
2.80 4.30 2.20 3.40 1.40
2.70 4.10	 0
3.90 4.2 3.10.4.40 2.70
5.00 4.20 3.40 3.40 4.Ou
6.10 4.10 3.80 3.vU 5.10
6.90 4.10 4.16 3.80 b.Ov
7.S0 4,00 4.30 ,.Oe 4.90
Mode LOutput	 01-02-79	 Actuala
- 307 -
FLUX IN MLY/MIN GRAPH OF TERMS IN HEAT BALANCE EQUATION
300,
270.1 KEY ._LE	 RN _S _H
24O.
2104
18'
15
12
9'
6
3
-3
-8
-9
-12
-15
-18
-21
-24
-27
-30
TIME IN HOURS
- 308 -
TEMPERATURE 'C
ACTUAL VERSUS PREDICTED SUB ROAD TEMPERATURE
PREDICTED 38cm	 .PF4ELICTW 18cm
ACTUAL 36cm	 ACTUAL 18cm
NOON	 MIDNIGHT	 TIME IN HOURS
01-02 FEBRUARY 1979
20
19
18
17
18
15
14
12
11
10
a
B
7
6
5
4
3
2
1
0
-i
-2
-3
-4
-5
-8
-7
-8
-9
-10
-1
24
02-02-79
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;I*CQO'UTC1) DATA'*'
SAT. YAP. PRE55URE(NB)	 7.90
VAPOUR	 PKE55UR(IW)	 4.66
REL.. ItUNIDITY FRACTION • 0.59
APPRUX. PHECIP. WATER(NM). 7.6
KUAD DAMPING UEPTH(C$).	 72.
AIR DAMPING DEPTH(CM)s	 2285.	 2194,
AIR HEAT TRANSFER COKI',CCG5) s 0.00200
DEC
	
R	 T36 T18 75	 UA	 0
-16 • 622	 0.986277.3277.4	 8.0. 316.299.	 0.5
SUI1AR SUN	 RN	 S	 H	 . LE	 •TD
TINE
	 (ALL N1.Y./PIIN.J
12.0 2
	
56.1 '123.1 .30, '-94.. . 0.	 8.00
55.5 122.2 -29. -93. 	 0.	 1.5312.0 2
53.4 119.3 . -27. -92.	 0.	 7.2712.0 2
50.0 114.6 -25. -90	 0.	 7.1113.0 2
45.2 107.9 -22. -87.
	
0.	 6.9713.0 2
38.9	 99.5 -11. -82.	 0.	 6.8313.0 2
31.3	 89.3 -12. -77..	 0.	 6,6614.0 2
22.0	 77.3	 -7'. -71. . 0.	 6.4714.0 2
10.9	 63.7 '-1. -63.	 . 0.	 6.2514.0 2
911.1	 47.1	 17. -64. ,	 0,	 5.8515.0 1
82.1	 30,8	 22. -53.	 0.,	 5.4615.0 1
61.6	 13.4	 28. . -42.'	 0.	 5.0715.0 1
32.3	 -5.0	 34. -30.'	 0.	 4.6716.0 1
75.3 -24.5	 41. -17.	 0,	 4.2516.0
	
0.0 -35.9	 43.	 S.	 0.	 3.8716.0
	
0.0 -35,6	 39.	 -4.	 0.	 3.6117.0
0.0 -35.3	 36.	 -1.	 0.	 3.4317.0
0.0 -35.2	 33.	 2.	 ' 0.	 3.3017.0
0.0 -60.5	 90. -30.	 0.	 2.4918.0
0.0 -59.0	 711. -19.	 0.	 1.8910.0
0.0 -58.2	 70. -13.	 0. . 1.491L8 .0	 0.0 -57.7	 66.	 -9,	 0,	 1.2119.0
0.0 -57.3	 62,	 -5.	 .0.	 1.0119.0
0.0 -56.9	 59.	 -2.	 0.	 0.8619.0
0.0 -56.4	 s.	 0.	 0.	 0.7420.0
0.0 -56.3	 53.	 2.	 0.	 0.6520 • 0
0.0 -56.0	 51.	 4.	 0.	 0.5620.0
0.0 -55.8	 49.	 6.	 0,	 0.4921.0
TC
(C.)
7U8
7.06
7.02
6.94
4.83
'6.68
6 • 50
6.28
6.02
5.46
5.07
4.67
4.26
3.83
3.50
3.35
3.25
3.17
1.68
1 • 30
1.08
0.93
0.81
0.71
0.63
0.55
0.48
0.4 2
TO
8.00
7.60
7.50
7.20
7.10
7.20
8.90
6.70
'.54
5.80
5,70
5.40
S • 40
5.30
4.90
4.bu
4.40
4 • 30
3.90
3,110
3.40
3 •
2.70
2.54
2.10
1.Ou
1.4.0
1.31.
0.110
U • *0
0.50
0.30
0.10
0.00
-0.10
-6.20
-0 • 30
-0.40
-0.50
0.b0
-0,80
-1.50
-1.70
-1.80
-1.110
-1.90
-2.00
-2.00
-2 • 3u
-2.40
-2.30
-2.30
-2.30
-2.20
-2.10
-2.20
• 00
-1.80
-1.7.0
-1.40
-0.80
-0.10
0.0
2.10
3.10
1.80
4.90
5.70
6.30
21.0	 0.0
21.0	 0.0
22 • 0
	 0.0
22.0
	 0.0
22 • 0	 0.0
23.0
	 0.0
23 • 0
	 0.0
23 • 0	 0.0
0.0	 0.0
0.0	 0.0
0.0
	 0.0
1.0
	 0.0
1.0
	 0.0
1.0	 0.0
2.0	 0.0
2.0	 0.0
2.0
	 0.0
3.0
	 0.0
3.0	 0.0
3.0
	 0.0
4.0
	
0.0
4.0	 0.0
4.0
	 0.0
5.0
5.0
	 0.0
5.0 0.0
*.0 o.0
6.0
6.0 0.0
7., 0.0
7.0
7.0 44.2
8.0 107.6
8.Q 172.8
8.0 236.9
9.0 298.4
9.0 355,5
9.0 407.7
ta * A
£0.0 494,6
10.0 528.2
11.0
11.0 574,1
1 1..0
-55.6
-55 • 4
-55.2
-55.0
-54.9
-54.7
-54.6
-54..5
-102.0
'99.5
-98.1
-97.2
-96.5
.-95.9
-95.4
-94.9
-94.5
-94.1
-93,7
-93.4
-93.1
-92,8
-92 • 6
-92.3
-92.1
-91.9
.78 • 6
-80.1
-10.7
-01 .1
-81 • 3
-74.8
-56.9
-30.7
1.6
37.4
74.5
111.0
'176.2
202.4
223.5
238.4
47.
45.
44.
42.
41.
40.
38.
37.
•107.
'93.
86,
81.
77.
74.
71.
68.
66.
64.
62.
60.
59.
57.
4.
55.
• $3.
52.
2.
10.
'13.
£5.
16.
13.
4.
-'U.
-25,
'-42.
-57.
.71.
_.-.
-93.
.9,
-103.
103.
101.
8.
9.
11.
12.
13.
14.
15.
16.
-6..
6.
12.
16.
19.
21.
23.
26.
27.
29.
3*.
32.
33.
35.
36.
3.7.
3$..
39.
77.
70.
'7.
66.
65.
61.
53.
40,
23.'
3.
-1$.
-41.
*4.
-104.
.121.
-135.
-146.
0.	 0.42
U. 0.36
0.	 0.31
0.	 0.26
0.	 .0.2 1
0.	 0.17
0.	 0.13
0.	 0.10
0.	 -0.79
0.	
-1.44
0.	 -1.88
0.	 -2.17
0.	 '-2.37
0.	 -2.52
0.	 -2.64
0.	
-2.74
0,	 -2.82
0.	 -2.89
0,	 -2.96
0.	 -3.02
.0,,	 -3.07
0.	
-3.12
0.	 -3.17
0,'	
-3.21
.0.	 3 .25
0. -3.29
0. -2.73
0. -2.32
0.
0.	
-1.91
0.	
-1,81
0. -1.69
-1.4$
0.	 1.13
0.	 -0.64
0, -0.02
0.	 0.6
0.	 1.46
V. . .
0.	 3.06
0.	 3.12
0.	 4.52
0.	 5.13
0.	 5.64
0.36
0.30
0.26
0.21
0.17
0.13
0.10
0.06
-1.67
-2.09
-2.31
-2.46
.2.58
-2.67
-2.74
-2.13
-2 • 90
-2.97
-3.02
-3.08
-3.13
-3.17
-3.22
-3.26
-3.. 29
-3.33
-2.16
-1.92
-is . I
.1.15
-1.71
.1.51
-1.27
-0.7 S
• is
0.60
1.40
2.24
3.VV
3.85
4,58
5.22
5.75
6.16
0.00186
TINE NT
U
SUM	 HI
1. -0.430058
U. -0.00051
0. D.00056
0. -0.00055
U. -0.00053
0. -0.00051
U. -0.001.41
U. .00043
U. -0.00039
0. -0.011040
U. -0.00033
(I. -0.U0U*
U. -0.00010
0. -0.00011
0. -0.00005
0.	 0.00002
0.	 0.00000
U.	 0.00001
0. -0 .090 IV
.040 12
-0.06008U.
-0.0000541.
-0.000030.
0. -0,00004
0.00000U.
0.	 0,00001
u.000030.
0.	 0.00004
0.	 0.00005
0.	 0.00004.
0.00001U..
0.	 0.00008
0.	 0.00008
0.	 0.00009
0.000 100,
0.000100,
-0.00iU40.
0.	 0.00005
0.000990.
0.	 0.000 13
0. uou is0.
0.000170.
li.000191*.
0.	 0.00021
0.000220.
0.	 0 .00023
0.00025U.
0.	 0.00026
0.000270.
0.000280.
o .000490.
0.	 0,410030
0,000310.
0.	 0.00031
0.000620.
0.0u0570.
0.000540.
0, 8.00053
0.000540.
0.	 U • 00049
0.	 0.00043
0.	 0.00034
0.000190,
U. 0.000u3
0.000150,
0.800320.
0.000SUU.
-U.OuOo7U.
0.	 .00082
0.
-0,00*040.
41,0011SU.
T36 Air
4.10 3.90
4.00 3.90
4.10 3. *0
4.10 3.40
4.10 3.oO
4.20 3.60
4.10 3.50
4 • 20 3.50
4.30 I .50
4.00 3.20
4.20 3.20
4.20 3.lu
4.40 3.10
4.40 3.10
4.50 3,00
4.44
4.41 2.60
4.50 2. dv
4.40 2 • 20
4.50 2 • 2.)
4.50 t.lu
4.50 1.5.3
4.60 1.90
4.10 0.9(1
4,50 0 • 441
4.50 8.10
4.60 v.2.)
4.60	 • 10
• • 30
4.30 -0. 7',
4.40
4.30
4.30 -u.50
4.30 -0.40
4.40 -0.4.0
4.4u -1.20
4.10 -1.10
4.20 -1.10
4.10 -1.20
4,10 -1.10
4.10 -1.40
4.00 -1.30
3.90 -2.10
3. *0 4.90
3.70 -2.00
3.40 2.b0
3.60 -2.90
3.50 -2.8)
3.50 -2.60
3.40 -3.20
3.30
3.30 -1,80
3.20 -1,60
I • 20
3.1.0 -2.50
3.20 -2.10
3.20 -1.90
3.00 -1.50
3.00 1.00
3,041 -1'.00
2.98 0.90
2.80
2.80 -0.20
2.00 0.40
2.80 O • 8.)
t' 7" I 44)
2.40 2. vU
2.50 2.14)
2.50 2.54)
4.50 3.20
2.50 3.7.)
1.40 4.3.)
T18 Tslal
4.20 6.40
4.50 •a.iO
4.70 o,40
4.8u 8.11,
5.00 ..QO
5.00 6.10
5.10 5.80
5.20 5.60
5.10 5.4w
5.vO 5.00
5.20 4.6.7
5.20 4.30
5.20 4.20
5.10 3.71
5.lu 3.68
S.v.) 3.3u
5,00 3.10
4.90 2.90
4.80 2.3u
4.70 2.20
4.7u 1.50
4,70 1.04
4.60 0.440
4.4) 0 .Sv
4.30 0.10
4.20 0. *0
4.00 .0.40
3.70
3.70 -1.lu
.1...) -1.30
.1.40 -1.40
3.30 -1 .Ou
3 • 20
3.24
3.10 -1.80
.1 • 00 -1.90
2.90 -2.01.
2 • 80 -2.uO
2.70 -2.20
2.50 -2.3v
2.20 -2.50
2.lv -2.50
2.00 -3.20
1.90 -J • 40
1.70 -3.4.3
1.1.0 •3.Su
j5() -3.70
1.40 -3 • 70
1.10 -3.80
1.20 -4.00
1.30 -4.10
1.00 -3.90
0.90 -3.80
1.90
0.90
0.90 .1.80
0.80 -3.90
0.81) -3.80
0.80 -3.50
1.ló
0.4.0 -2.70.
O • 70 -2.90
0.60 -2.50
0.70 -2.00
0.80 -1.50
4 $4)
1.80 0.10
1 .Ou 1.30
1.40 1.48
1.641 3.00
1.00 4.40
2.20 3.4.3
Wdel ctput
	 02-02-79
	
Actuals
- 310 -
TIME IN HOURS
- 311 -
IN MLY/MIN GRAPH OF TERMS IN HEAT BALANCE EQUATIONFLUX300
270
240
210
180
150
120
90
80
30
0
-30
-60
-90
-120
-150
-180
-210
-240
-270
-300
TEMPERATURE C
20	 ACTUAL VERSUS PREDICTED SUB ROAD TEMPERATURE
19
18
17	 PREDICTED 38cm 	 PREDICTED 18cm
16
15
14	 ACTUAL 36cm	 ____ ACTUAL ±8cm
13
12
11
10
9
7
6
5
-]
-2
-3
-4
-5
-8
-7
-9
-10
0
NOON
0	 12	 14
MI ON I GHT
8 18 20 22
TIME IN HOURS
02-03 FEBRUARY 1979
03-02-79
- 312 -
0.00112
lIMO. #El
0
SUN T36 Aix T18 TslaI
ióo' 2.30 5.50'
4.9u 2.50 6.20
5.10 3.00 6.Ov
5.30 3.40 7.3u
5.80 3.60 7.bO
5.80 .1.90 7.70
5.90 4.20 7.90
6.11 1.60 7.90
4.00 4.60 7.50
5.90 4.70 7.10
5.80 5.00 5.80
5.lv 4.90 4.90
S.4u .90 4.30
4.70 4.80 3.60
4.00 4,90 3.00
3.80 4.00 4.26
3.20 4.80 4.10
3.uu 4.70 i.7u
2.3u 4.40 1.40
2.4o 4.40 0.90
2.30 4.20 U.4'
2.00 4.10 0.54
2.20 40U 0.40
0.60 3.80 0.10
0.90 3.10 -0.30
0.20 3.70 -0.Sv
-0,20 3.50 -1.00
-0.80 .1.30 -1.00
-o.Iu 3.20 -1.20
-0.80 3.10-1.30
'0.80 3.00 -1.700.90 2.80 -1.40
1.20 2.70. -1.80
-1.50 2.30 .1.80
-1.80 1.70 -2.40
1.40 2.20 -2.I
-0.80 2.10 -1.60
0.90 1.80 -1.70
-1.20 2.041 -1.60
-O,9u 2.00 -1.30
-0.90 2.00 '1.30
-0.50 1.90 -1.0
-9.7u 1.90 -1.20
-0.60 1.90 -1.2u
-0,70 1.90 -1.0(1
-0.8') 1.80 -1.10
-0.80 1.40 -1.00
-0.60 1.80 .1.00
-0.50 1.70 -1.00
-0.60 1,70 -1.10
-0.50 1.70 -0.90
-0.30 1.80 -0.90
-0,30 1,00 -0.80
0.10 1.89 -0.50
0.10 1.60 ,0,60
0,40 1.80-0.40
040 1.70 .0,40
0.20 1,70 -0.50
0.40 1.70 -9.30
-0.19
0.00
(1.29
0.50
0.09
1.Ov
1.58
1.89
2.20
4.4,
2.69
3.19
6.80
7.40
7.70
8.10
8.50
8.60
8.60
8.60
8.00
7.50
7.20
4.40
S ..,0
4.80
4.40
3.90
3.60
3.30
2.90
2.60
2.40
2.20
2.04
'1-. 10
1.50
1.20
0.90
0.70
0.60
0.20
0.00
0.00
-0.80
-0.80
9.00
-4.10
.0 • 10
0.20
0.20
0.30
0.20
0.30
0.30
0.30
0.30
0.30
4.40
0.30
4.40
4.40
0.50
0.50
0.80
0.70
0.80
' 1.00
1.30
1.40
2. so
2.70
3.10
3.40
3.50
4.00
2 • 60
2.40
2.40
2.60
2.80
2.80
2.90
3.10
3.30
3.10
3.20
3.40
3.40
3.30
3 • 20
3.70
3.60
3,70
3.80
3 •
3.00
3.90
3 90
3.90
3.90
3. 0
4.00
3.80
3.80
3.90
3.00
3.sO
3.50
3 • 80
3 00
2.70
3,30
3.10
3.10
3.30
3.30
3.30
3.10
3.10
3.10
3.10
3.10
3.00
3.10
2.90
2.90
3 • 00
3.00
3.00
2.90
3.00
2.70
2.70
2 70
MI
'0.00065
-0.00064
-0,00062
-0.0u059
.0.00055
-0.00049
-0.00042
-0.00034
-0.00025
-0.00024
-0.00013
-0 .00003
0.00005
0.00014
0.0001ó
0.00019
0.00020
0.00022
-0.UUU1u
-0.000o3
0.00001
0.00004
0.00006
0.00007
0.00009
0.00010
0.00012
0.00013
0.00014
0.0001b
0.00015
0.00016
0.00017
0.00017
0.00018
0. 0001.
0.00002
0.00002
0,00002
0.00004
0.00005
0.00007
0,00008
0.00010
0.00011
0,00013
0.00014
0,000 to
0.00017
0.00018
0.00019
0.00021
0.00022
0,00023
0.00110
0.00100
0.00095
• .00091
0.00089
0.0007(1
0.00040
0.00010
-0.40021
-0.00050
-8,00077
-0.00103
-u • 00126
-0,00141
-0.0014o
-0.00103
-u .00197
-0.00209
2.ao
2.80
3.80'
2.80
2.40
2.40
330
2.60
2.50
2.50
2.60
2.se
2.60
0.60
0.60
0.99,
1.00
U.9Q
0.70
1 .oI
1.70
1.No
2.4u
2 •
2.9,
3.1
1.70
1.80
1.80
1,80
1.60
1.50
1.80
1.80
1.90
2.19
2.20
2.20
2.40
DEC
.16.327
SOLAR
TIME
12.0 5
12.0 5
12.0 5
13,0 5
13.0 4
13.0 4
14.0 4
14.0 3
14.0 3
15.0 7
15.0 2
ts;o i
16.0
16.0
14.0
170
17.0
170
18.0
18.0
1$..
19.0
19.0
19.0
20.0
20.0
20.0
21.0
21.0
21.0
22.0
22.0
22.0
23 • 0
23.0
23.0
0.0
0.0
0.0
1.0
1.0
1.0
2.0
2.0
2.0
3.0
3.0
3.0.
4.0
4.0
4.0
5.0
6.0
5.0
6.0
4.0
4.0
7..
7.0
7.,
0.0 1
8.0 1
S.0'I
9.0 1
9,0 1
9.0 1
10.I I
a.
--a.
10.0 2
11.0 2
11.0 2
11.0 2
*$*CONPUTED DATA*
SAT. YAP. PRES5URE(MB3. 9.03
VAPOUR PRESSURE($B)i 5.42
RE1. HUNIDITI UACTIO 6 0.60
APPROZ. PRECIP. WAtER(NM)' 0.7
ROAD DAMPING DEPTh(ClU . .	 72.
	
AIR DAMPING bEPTH(CN)	 2400.	 1654.
AIR HEAt:?RAHSFER CoEF.'(CG3)	 0.00219'
R	 734 71$ 'T8 H Uk	 0
	
0.986275.8275.5	 5.8 352. 155.. 0.5
SUM	 RN	 .5' .	 H''LE
ALL MlaT./IIINw)
	
29.7 225.1; -82. -143• .0..	 :6.80
	
26.4 222,1 -81.'142.. 	 0.	 8.52
	
16.5 213.2 . -76. -131.	 0.	 93,1
	
00.6 199.0	 69. -131. . 0.	 9.60
	
78.0 179.2 -59. -121.	 0.	 9.58
	
49.4 154.8	 47. -108.	 .0,	 9.37
	
15.3 126.1 •:35.
	
93.	 0.	 p.03
	
.95.5 -21., '75.	 0.	 8.58
	
130.9	 62.5	 .7.	 56.	 0.	 8.05
	
81.1	 28.3	 23. -51.	 0.	 7.26
	
20.3	 -3.5	 31. -28.	 '0.	 6.50
	
72.5 -32.6 .39.	 -S.	 0.	 579
	
14.5 -56.6	 45.	 11.	 0.	 5.15
	
53.4 -73.9	 47.	 25.	 0.	 4.59
	
0.0 -81.1	 45	 '35.	 0.	 4.16
	
0.0 -80.2	 40.	 40.	 0.	 3.86
	
0.0 -79.5	 36.	 44.	 0.	 3.65
	
0.0 -79.0	 32.	 47.	 0.	 3.50
	
0.0 -89.6 110, -21,	 0..	 2.41
	
0.0 -86,9 . 92.	 -6.	 0.	 1.62
	
0,0 -8S4	 82.	 2.	 '0,	 1.09
	
0.0 -844 ' 76.	 S.	 0.	 0.74
	
0.0 , -83.6	 70.	 12.	 0.	 0.49
	
0.0 -83.0 . 66.	 1.	 ,Oo	 0.31
	
0.0 -82.5	 62.	 19.	 0.	 0.11
	
0.0 -82.0	 59.	 22.	 '0.	 0.06
	
0.0 -81.5	 57,	 25,	 0.	 -0,05
	
0.0 -8,1.1	 54.	 27.	 0.	 -0.14
	
0.0 -80.7	 51,	 29.	 0,	 -0.21
	
0.0 -80.4	 49.	 31.	 0.	 -0.28
	
0.0 -801	 47.	 33	 0.	 '0.34
	
0.0 -79.8	 45.'	 34..	 0. '-0.40
	
0.0 -79.6	 44.	 36,.	 0.	 -0.45
	
0.0 -79.3	 42.	 37.	 0,' .0.49
	
0.0 -79.1	 41.	 38.	 0.	 -0.54
	
0.0	 18.9	 39.	 39.	 0, ' -0.58
	
0.0 -31.9	 31. ' j	 0.	 -0.52
	
0.0 -31.9 . 31.	 '0.	 0.	 -0.49
	
0.0	 31.9' 31.	 1. , 0,	 -0.48
	
0.0 -31.9 . 31.	 '1.	 0.	 '0.48
	
0.0 -31.8	 30,	 1.	 0.. -0.50
	
0.0 -31.8 .30,	 2.	 0,	 -0,51
	
0.0 '-31.8 ' 29.'	 '2.'	 0	 -0,53
	
0.0 •31.7	 29.	 2..	 0.	 -0.56
	
0.0 -31.7	 29.	 3	 . 0.	 -0.58
	
0.0 -31.6	 28.	 3. .	 0.. , -0.60
	
0.0	 31.6	 2$.	 1.	 0. -0.62
	
0.0 ' -31.5 '28.'	 4.	 "0.	 -0.44
	
0.0 -31.5	 27..	 4.	 ' 0.	 -0.66
	
0.0 -31,5	 27..	
'.	 0.	 -0.67
	
0.0 -31.4	 27.	 4. . 0,	 -0,69
	
0.0 -31.4	 26.	 '5.. ' .0.	 0.71
	
0.0 -31.4 26.	 5,	 0,	 -0,73
	
0.0 -31.3	 26..	 .5, "'• ''. .4,74
	
0.0 -28.1.	 2.	 25.	 0. . -0,48
	
0.0 -28.4	 5.	 23.	 0., -0.27
	
0.0 -28,6	 .4.	 22. ' '-0,	 0.13
	
0.0	 28.7	 .7.. 21.	 0.. -0.03
	
0.0	 28.$	 8. '20. , 0,	 0.03
	
86.4 -14.3	 -2.	 16.' ' 0,	 0.20
	
32.7	 4.1 .14.	 9.	 0.	 0,50,
	
54.4 ' 20.2 -23.	 2.. '0.	 0.86
	
60.0	 34.5	 30.	 S.	 '0.	 1.26
	
17.7	 47,2	 36, .12.	 0•	 1.47
	
85.0	 58.3 -41. .IS.	 0.	 2.07
	
90.7	 67.8	 44. -24,	 0,	 2,45
	
95.2	 75.9 -47. -29.'	 0-	 J
0 g .	 •48. '..34.	 0.	 3.14
	
01.7	 87.8 .49. .39,	 0..	 3.45
	
03.8	 91.8	 49. .43.	 0.	 3.72
	
05.3	 4•5 .49. .44. , I.	 3.94
	
06.1 94.0 •47. •49.	 0,	 4.16
(C •)
10.28
10.23
10.10
9.88
9.57.
9.16
8.68
8.12
7.51
'.47
5.14
5.08
4.50
4.03
3.72
3.56
3.44
3.35
1.32
0.83
O • 56
0.39
0.25
0.13
0.03
-0.06
-0.15
-0 • 22
-0.29
-0.35
-0.40
-0.45'
-0.50
-0.54
-0.5$
'0,61
-0.47
'-0.46
-0.47'
-0.49'
-0.51
-0.53
-0.55
.0.5S
.0.60
.0.62
-0.44
'-0.66
-0.61
-0,69
-0.71
-0.73
-0.74
-0,76'
-0.21
0,02
.0.06
-'0.09
0.37
0.79
1.23
1.66
2.08
2.47
2.84
3.48
3.75
3.99
4.19
4.37.
1.
0.
0.
0.
0.
0.
0.
0,
0.
0.
0.
0.
0.
0.
0.
0.
0.
U.
0.
0.
0,
0.
0.
0.
U.
0.
0.
U.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0,
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
U.
V.
0.
0.
0.
0,
0,
Model dütput	 03-02-79	 Actual.
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IN MLY/MIN GRAPH OF TERMS IN HEAT BALANCE EQUATIONFLUX300
270
240
210
180
150
120
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80
30
0
-30
-80
-90
-120
-150
-180
-210
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-300
TEMPERATURE C
20	 ACTUAL VERSUS PREDICTED SUB ROAD TEMPERATURE
19
18
17	 PREDICTED 38cm	 - ....- PREDICTED 18cm
18
15
14	 ACTUAL 3Com	 ACTUAL 18cm
13
12
11
10
9
8
7
8
5
4
3
2
1
0
-1
-2
-3
-4
-5
-8
-7
-8
-a
-10	 I	 TT	 I	 I	 I	 I	 I	 I	 I	 I	 I	 T	 T1	 i	 i8	 10	 12	 14	 18	 18 20 22 24
NOON	 MIDNIGHT	 TIME IN HOURS
03-04 FEBRUARY 1979
04-02-79
- 315 -
WI
-:0.00011
-0.00011
-0.00010
'0 • 00010
1.0.00010
'0,00009
.4.00009
'0.00008
0.00007
-0.00007
0.0000b
-0.04004
0.000u2
0 .00000
0.00001
0.00002
0.000Ol
0.00002.
0.00001
0.OuOOl
0.00002
0.00002
0.00002
0.00002
0.00uUZ
0.00002
0.00003
0.uu0U3
0.00003
0.00003
9.00003
0,00003
0.00u03
0,00003
0,00003
0,00002
0.00493
0.00002
0,00003
0.00003
0.00063
0.90003
0,00003
9.  00003-
0.00003
0.00003
0.00003
0.00003
0.00u03
0.0000j
0.00003
0,40003
0.00004
9,00005
,0000s
0.00005
6.00005
0,00003
0.0000*
0.00000
'0.00004
.4.00005
.4.00401
0,000,)S
.9UUU
•0.0001a
0,00010
4.00011
0.00412
TO T36 Ait T18 Tslab
4.30 2.60 330-2.0 3.50
4.40 2.80 3.60 2.80 3.90
5.20 2,70 3.60 2.70 4.40
5.20 2.70 3.70 3.00 4.40
5.30 2.80 3.70 3.20 4.20
5.uO 2.90 3.80 3.20 4.20
5.00 2.80 3,10 3.40 4.20
5.00 2.90 4.7Q . 3.5O 4.20
4.90 3.00 3,60 3.50 3.bO'
4.70 3.00 3.50 3,oO 3.70
4.80 3.00 3.50 3.70 3.40
5.00 3.10 3.50 3.60 3.ou
4,40 3.00 1.30 3.oU 3.40
4.30 3.00 3.10 3.,0 .1.10
4.20 3.20 3.00 1.10 3.Ou
4.20 3.30 3,10 3,40 2.0
3.90 3.30' 2.80 3.80 2.oa
3.70 3.30 2.10 3.70 2.4k)
3.60 3.30 2.80 3.70 2.30
3.60 3.30 2.80 3.70 2.jU
3.70 3.40 2.90 3,64 230
3.80 3.30. 2.80 3.oO 2.iu
1.40 3.30 2.70 3,uO 2.20
3.50 3.40 2.70 3,oO 2.20
3.50 3.40 2.70 3.60 2.20
3.50 3,50 2.70 3..0 2.20
3.4o 3.40 2.60 J.oU 2.10
3.40 3.50 2,60 3.uO' 2.00
3.50 2.60 3.50 2.Uu
3.20 3.50 2.40 .1.50 1.93
3.10 3.40 2.30 3.50 1.80
3.10 3.50 2,30 3.50 1.90
33o 3.50 2.30 3.50 1.90
3.10- 3.60 2.30 3.50 1.70
1.00 3.60 2.20 3.!jO'1.7u
2.90 3.60 2.20 3.50 1.70
2.80 3.40 2.20 3.50 1.ôu
2.80 3.60 2.30 3.40 1.00
2.70 3.50 2,30 .1,30 1.50
2.60 3.50 2.20 1,30 1.50
2.703,50 2.20 3.30 1.60
2.70 3.50 2.40 3.10 1.70
2.40 1.10 .2.10 3.04 1.60
2.40 3.30 2.00 3.00 1.50
2.30 3,30 2.00 3.10 1.40
2.50 3.40 2.10 3.10 1.50
2.40 3.40 2.00 3.14 1.50
2.50 3.50 2.10 3.10 1.50
2.40 3.40 2.10 3.00 t.5O
2.40 3.40 3.10 3.10 1.50
3.40 3.40 2.20 3.00 1.40
2.40 3,40 2.20 3,00 1,341
2.40 3.50 .3,40 3.00 1.40
2.54 3.50 2.40 3.10 1.4u
3.40 3.402.40-3.00 1.20
2.50 3,40 2.30 3,00 1.20
2.50 3.40 2.20 3.00 1.10'
3.50, 3.50 2.20 3.16 1.10
2.50 3.40 2.00 3.00 1.20-
a,sO' 3.50 2.00 3.00 Q.9
2.503,40 2.20 3.00 0.80
230 3.40 2,49 3.00 1.20
3.10 3.40 230 3.00 j.aO
3.30 3.40 3.00-3,16 2.Ou
3.70 3.40 1.10 330 3.50
4.09 3,40 3.40 310 2.90
4.30 3.30.3.30 3.20'3-I.
i.4 3.30 4.16 3.10 4.30
4.60 3.40 4.70 3.Iu 4.40
4.70 3.40 4,70 3.3w 4.80
4.803,40 47U 3.30 ..90
4.9w 3.40 4.00 3.49 1.uo
Actuall
SUM
1.
0.
0.
0.,
0.
0.
0.
0.
0.
0.
0.
0.
0..
0.
0,
C.
0.
U.
0.
0.
0.
0.
0.
0.
0.
0.
•0.
0.
0.
0.
0.
0.
0.
0,
0.
0.
0.
0.
0.
0.
0.
0.
0.
0,
0.0.
0,
0.0.
0,
0.
0,
0.
0.
0.
0.
0.
• 0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
U.
0,
0.
0.
0,
•e___ntu._.. Ma.a...
SAT. YAP. PRLSSURE(N&)a 7,90
VAPOUR PRESSURE(M5). 6,40
REL. KUNIDITY' FRACTION U 0.81
APPRUX. PREC 'IP. NATEK(MM)	 10.2
ROAD D,AMPI$G DEPTII(CN)U
AiR DAMPING DEPTII(CN)U'	 2899.	 2872.
AIR NEATTRAIISFER COEF. (CGS)s 0.00308 0.0U302
'DEC	 g	 -'r36 ' T1$	 'TS•" '
	 UA-'	 0-	 TIME WET
.t6,027	 0j66275,8275,S .4.3.533, 522.	 0.5
SOLAR SUN Pt ' I	 H	 r'.L	 TO	 TC
TIME	 . (ALL NLT./HIN.)	 .	 (C.3
12.0 206.9 .100.0 -30. '.72.'	 0.	 4.30	 5.5l
12.0 206.2 100.2 . '.30. '71.:	 0,	 4.90	 5.50
12.0 205.3	 98.4 •29. -70	 0.	 5.19	 5.47
13.0 203.9	 95.4. •27. -69.	 0,	 5.31	 5.44
13.0 201.7	 910 -24. -66	 0.	 5,35 5.38
13.0 198,	 85.3 '-23. ' 43.	 '0.	 8,33	 5.31
14.0 195.4	 78.3 .-20 '-59	 0,	 5.27	 5.21
14.0 190;..	 69.9	 17. -54.	 0.	 5.19	 5.10.
14.0185.1	 59,9 -13. -47.	 0.	 5,07	 4.96
15.0 177.9	 47.0	 .0. -.48,.	 0..	 4.82	 4.57
15.0 168.4	 34.0	 3	 -3$	 0.	 4.58	 4.34
15.0 154.9	 19.4	 7. -27, . 0.	 4.34	 4.10
160 133.5	 3.0	 12. -15.	 0.'	 '4.09	 3.84
16.0 88.$ -15.6	 17.	 -3. , 0,	 3.82	 3.55
16.0	 0.0 -30.7 . 21.	 9.,	 0,	 3.55	 3.28'
17.0	 0.0 -3O5	 17.	 13..	 0.	 3.38	 3.20
17.0	 0.0 -30,4	 IS.	 15.	 0.	 3.26	 3.15
17.0	 0.0 -30.3	 13.	 17.	 0.	 3.19	 3.12
18.0	 0.0 -30.5	 25.	 5.'	 0.	 2.98	 2.77
18,0	 0.0 -30.3	 21.	 9,	 o;.
	
2.84	 2.69.
18.0	 0.0 -30.3	 18.	 11.	 '0.	 2.74	 2.64
19.0	 0.0 -30.1	 17.	 13.	 -0.	 2.67	 2.61
19.0	 0.0 -30.1	 36. ' 14.	 0.	 2.63	 2.58
19.0' 0.0 -30.9	 15.	 15.	 0.	 2.59	 2.56
20.0	 0.0 •)0.0	 14.	 16.	 0.	 2.56	 2.54
20.0. 0.0 -29.9 .13.	 16.	 0,	 2.54	 2.52
20.0	 0.0 -29.9	 12.	 11.	 0.	 2.52	 2.50
21.0	 0.0 -29.9	 11.	 18.	 0.	 2.51	 2.49
21.0 0.0 -29.9
	 ii." i87 " 0,	 2.4i" 2.4$
21.0	 0.0 -29,8	 10.	 19.	 0,	 2.48	 2.47
22.0	 0,0 -29.8	 10.	 19.	 0.	 2.47	 2.46
22.0	 0.0 -29.8	 10.	 20.	 0.	 .2.46	 2.45
22.0	 0.0 -29.8	 9,	 20,	 0.	 2.45	 2.44
23.0	 0.0 -29,8	 9.	 20.	 0,	 2.44	 2.43
23.0	 0.0 -29.7	 9.	 20,	 0.	 244	 2.43
23.0	 0.0 -29.7	 8.	 21.	 0.	 2,43	 2.42
0.0	 0.0 -29.2	 17.	 12.	 0.	 2.32	 2.210.0	 0.0 -29.1	 '34,	 14.	 0,	 225	 2.17
0.0	 0.0 -29.1	 13.'	 15.	 0,.	 2.20	 2.15
1.0	 0.0 -29.1	 13.	 16.	 0,	 '2.16	 2.13
1.6' 0.0 --29.0	 12.	 16.	 0.	 2.14	 2.12
1.0	 0.0 -29.0	 12.	 16.	 0,'	 2.13	 2.11
2.0	 0.0 -29.0	 11.	 17.	 0.	 2,11	 2.10
2.0	 0.0 -29.0. 11,
	 17.	 0.	 2.10	 2.09
2,0	 0.0 -29,0	 11,	 17.	 0.	 2.10	 2.09
3.0	 0.0 -29.0	 10. '18.	 0,	 2.09	 2.0$
3.0	 0.0 -28.9' 10.	 18. , 0.-	 2.08	 2.08-
3.0	 0.0 -28.9 . 10,	 1$.	 '0.	 2.0$	 2.07-
4.0	 0.0 -28,9	 10,	 1$.	 0,	 2,01	 2.07
4.0	 0.0 '-28.9 .10.	 19.	 0.	 2.07	 3.06
4.0	 0.0 -28.9	 9.	 19.	 0.	 2.06	 2.04
5.0	 0,0 -28,9	 9.	 19..	 0,	 2,06	 a.o
5.0	 0.0 -28.9	 9.	 19. . 0,	 2.06	 2.05
5.0	 0.0. -28.9	 9.	 19. , 0..	 2.05. 2.05
6.0 6,0 -21.0 - .11	 37.	 0.	 2.29 2.53
6.0.	 0.8	 272 . -7,	 33.,,, 	0 ,.
	 2.48.2.63-
6.0	 0.0 •27o3	 5'.	 31.	 0,	 2.54	 2.o7
7.6	 0.0 -27,3. •4." 39.
	 :'	 2.63	 2.49
7.0	 0.0 -27.4 - -3. ' 2,. -. 0,	 2.67	 2.71.
	
7.1 92.7 . -11.0 .10.'- 30,.	 .8.'	 -2,79	 2.92.
	
S.. *35.3 .
 - 7.6 -17.	 9.	 0.	 2.99	 3.19
8.0 154.1	 24.0 '-22,, .3.
	
0..	 3.22 . 3.4$:
	
8.0 1693 38.4. -26. -14.
	
0,	 3.46 3.71
.0 178.6	 51.4 -2$.' -24.	 ;$•	 .3.70 - 3.94
	
.0 115.6 43.0 -30, -34. " 0, 	 3.9) 4.16
9.0 191.4	 72.S -32. -42	 0..	 4.14	 4,35io.. 195.9	 $1.2 -32. -50,	 0,	 4.33	 4.s3
1* * •4SS	 as3 -) •• -:s.	 3. -	 -
10.0 2ó2.2	 93.6	 32. -62. - 0,	 4.44	 4.81
11.1 204.4' 97.8 •32.	 61..	 0,	 4.79	 4.92
11.1 20S.S 100.8 -31.. .71.	 0.	 4.90	 5.01
11.8 206.7 102.5 -29. -74.
	
0.	 4.99 5.90
P4ode1 . tput	 04-Q2'-79
- 316
TIME IN HOURS
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FLUX IN MLY/MIN GRAPH OF TERMS IN HEAT BALANCE EQUATION
300
270
240
210
180
150
120
90
80
30
0
-30
-80
-90
-120
-150
-180
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-300
TEMPERATURE 'C
20	 ACTUAL VERSUS PREDICTED SUB ROAD TEMPERATURE
19
18
17	 ____ PREDICTED 38cm	 _PREDICTED 18cm
18
15
14	 ____ ACTUAL 36cm	 ACTUAL 18cm
13
12
11
10
7
I
-F
-8
-9
-10
O2468i0	 2148 18 20 22
NOON	 MIDNIGHT	 TIME IN HOURS
04-05 FEBRUARY 1979
05-02-79
- 318 -
•*.Cti.4&'UTkP V*TAS*
SAT. YAP. PMESSURI.(NU)u. 0.60
VAPOUR. : PRESSUEE(N5)a 7..10
MEL. HUMIDItY FRACTION -' 0.82
APPKOX. 'PRECIP.. WATERCMM)R. 11.3
ROAD DAMPING DEPTN(C* '	72.
AIR DAMPING DEP7HCC$)'. 	 2427.	 2333.
AIR HIAT TMANiFEM COEF(CGS)
	
0.00223 0.00208
DEC	 R	 736 718' 73	 UA	 P	 TIME MET
Model ô ' tput- - , -	 O5-à*'79
-15.122 0.986276.7211,6 1.0 361. 331. 	 0.5
SOLAR SUN RN	 S - 'H" ' bE	 TO	 TC
TINE	 (ALL i41!./MI$.)	 (C.)
12.0 257.8 133.2 -38, -96 '.' '0	 7.00	 8.12
12.0 257.1 132.3 -38.1 -95,	 0	 7.55	 8.10
12.0 255.1 129.4 -36	 -94,- 0,	 7.00	 8.06
13.0 251.8 124,8 -34. -92. 	 0	 7.89	 1.99
13.0 247,1 '118.2 	 31. -8S	 0.,	 7.89	 '7.80
13.0241.0 109.8-27. -84. 	 0	 7.82. 7.75
14.0 233.5	 99.7 -22. -78.	 0	 7.70	 7.50
14.0 224.5	 87.0 -1-7, -72,	 . 0	 7,53' 7,37
14.0 213.8	 74.3	 11.' -64.	 0	 7.33	 7.13
15.0 201.5	 58.2 . 3. .62.	 0	 7.00	 8.67
15.0 16.4	 41.9	 S. '-51-. ,	 0	 6.66	 6.32
15.0 167.4	 24.5	 14. , -39 .	 0	 6.31	 5.96
16.0 . 141.4	 6.2	 20. -27.	 0	 5.95	 5.59
10.0 95.8 ' -13.3	 27. -14. , 0,	 5.57	 5,19
16.0	 0.0 -30.1	 32.	 2.	 0,	 5.19	 4.82
17.0	 0.0 -29.8	 27.	 2.	 0	 4.93	 4.67
17.0	 0.0 -29.6	 24. ' 5.	 0,	 4.76	 4.50
17.0	 0.0 -29.5	 21.	 .7.	 .0,	 4.63	 4.51
10.0	 0.0 -58,6	 97. -39.	 0	 3,60	 2.57.
18.0	 0.0 -56.9	 81. -25.	 0	 2.85	 2.11
18.0	 0.0 -56.0 . 12. -17.	 0	 2.36	 1.06
19.0	 0.0 -55,3	 66. -LI.	 0	 2.03	 1.69
19.0	 0.0 -54,9	 61. ,7,	 .1	 1,00	 1.57
19.0	 0.0 -54.5 57.	 -4.	 0	 1.63	 1.46
20.0	 0.0 -54.1	 54.	 -1.	 0	 1.50	 1.37
20.0	 0.0 -51.8	 51,	 '2.	 0	 1.40	 1.29
20.0	 0.0 -53.6	 49.	 4.	 0, '	 1.31	 1.22
21.0	 0.0 -53.3	 46.	 6.	 01.23	 1.15
21.0	 0.0-53.144.	 s;'.o.	 i.f'1.0V'
21.0	 0.0 -52,9	 42.	 10.	 0	 1.10	 1.04
22.0	 0.0 -S2.i	 40.	 11 ' 0	 1.04	 0.99
22.0	 0,0 -52.6. 39.	 13	 ' 0	 0.99	 0.94
22.0	 0.0	 52.4. . 37.	 14.	 0,	 0.95	 0.90
23.0	 0.0 -52.3	 36.	 15.	 0	 0.91	 0.87
23.0	 0.0 -52.1	 35.	 14. •,. 0	 0.87	 0.03
23.0	 0.0 -52.0	 34.	 18..	 0	 0.83 ' 0.80
0.0	 0.0 -97.3	 96,	 0,	 C,	 0.03 -0.77
0.0	 0.0 .-94,9 '83.	 11.	 '0	 -0.56 -1.15
0.0	 0.0 -93.7	 lo.	 17.;	 .0,	 -0.95 -1.35
'1.0	 0.0 -92.9	 72,	 21.	 0	 122 -1.48
1.0	 0.0 . 92.3	 68.	 24. ..... -1.40 -1.58
1.0	 0.0 -91.8	 65.	 27 . 0	 -1,53 -1.66
2.0' 0.0' -91.3
	
62,	 29.	 0	 -1.63 .1.73
2.0	 0.0 -90.9	 60.	 '31,	 0,	 -1.71' -1.00
2.0 '0.0 -90.5	 58.'' '33.
	
0	 -1.79 -1.86
3,0	 0.0 -902	 56, ' .34.' :°.
	
_j,$5 -1,,1'
3.0	 0.0 -89.9	 54,. 34,..... . .'l90''1.96
3.0	 0.0 -8.6	 53,	 :3.7 • . ' • O.'	 -1.96. -2.01
4.0	 0.0 -89.4 .51. -38.-.: 9
	
-2.00' •Z.OS
4.0	 0.0 -89.1 . 50. 	 40.	 0,	 -2.05 -2.09
4.0	 0.0 -88.9	 49.	 41..	 0,	 -2.08 .2.12
5.0	 0.0 -88.7	 47,	 42.	 0	 .2.12 -2.16
5.0	 0.0 -08.5	 46. .43.	 0	 -2.15 -2.19
5.0 . 0.0 .	 $3 ' 45	 . 43.	 0	 -2.19 .2.22
.0	 0.0 -85,3 . 30. : $5.	 .0, ,'2.05 •1e9*
6,0 . 0.0 -85.0 ' 32. . 54
	 ,	
196 '.1.86
4.0 0.0 ,$S.6 32. "13. 	 0• :1.90 .1.05 -
7.0	 0,0 .05.4 '32.	 1'), --.0.. --1'.$S bl.$$.
-7.8 ' . 0.0 ' -85.6 ' 32.	 -.1.87. t.1.86
7.0 61.1 .74.9	 26. -:49;:o: ..1.7,: :-1.71'
1.1 126,7 .03.8 14. 40'	 0,	 1.59 .0.39
8.0 193,5 '-24.4 .	 ' 25w'.' " 0.''.-1.24 .0.$
8.8 255.7	 -10.5 .17. - '.- ";.: 0,	 •-0.5 "0.23
9.6 321.1 , 48.9 •3) .06. , '0, 	 .0.13 - 0.48
9.1 378.9" 08.2 49. p40.': '.0.	 0.07	 1.36
9.0'431.S 124.5 .03" •44 	 0.	 1.32 2.07.
	
10.9 471.8 142.4 '75. "S.-'- 0. 	 2,10	 2.87
	
''C 1.v .3,., 'si, •Li&.	 U,	 3.86 '3.63
10.0 553.2 222.0 -91.'.032. . '0. 	 3.59 4.32
	11.0 $S0.3 244.0 .04. -150. ':' 0.	 4.26 .- 4.92
11.8 599.3 259.6 95.16S.	 0,	 4.84 '5.42
11.8 611,2 260.1 -p2. -171.; ' 0,	 '5.32
0
1.
	
• 0.	 0.O0*,0
0. 0.ouuo
	
0.	 O.40Q3g
0 '0.40037
	
0.	 °.00036
	
0,	 0.QQQ33
	
0,	 0.Q*031
	
0,	 0.Q0Q27
0. '0,00426
	
0.	 0.00023
0. -0.000
. -O.000
0, '0.00006
u.
	
V.	 Q.*0**i
	
0,	
.QO0O2
0. 0.00003
0. "0.00417
0. -0.uj
0. 0.OQQO7
	
0.	 0.0400
0,' '0.OUwOj
	
0.	 0.000tj4
	
0.	 0,q**
	
0.	 0.00001
	
0.	 0.ijo
	
0.	 0.00003
	
0,	 0,0000
	
0.	 0.00005
	
0,	 0.00eOö
	
0,	 0.00006
	
0.	 0.00407
	
0.	 4.04)007
0. 0.0Uu0
	
0.	 0.oOoou
	
0,	 O.0V*v
	
0.	 ,0,vuog
	
0.	 0.0001j
	
0.	 0.00u13
	
0.	 0.00015
	
0.	 0.00018
	
0.	 0.00017
	
0.	 0.00ujl
	
0.	 0,00019
0, - 0,00420
	
0,.	 0.00u21.
	
0,	 0.00*21
	
0.	 8.00022
0.. 0.00023
	
0.	 0.00023
0, 6.00024
0. '0.00024
0. '0.00011
0. 0.00030
0. 0.00030
0. ' 0.00030
'0.. 0.00030
' ' 0. 0.00027
0. 0,00024
0. - 0,00014
0.. 0.00403
0. '-.0,00009
0. '-0.000a2
0. -0.o0u33
0.- .0.00048
0. '0.00061
0. -0.00072
0, -0,1,4,082
0. . -0.80090
0. -0.00096
TO T36 Air T18 TS1&
7.00 3.50 4.80 4.40 o.uo
7.10 3.50 4,90 4.40 6.00
7.10 7.50 4.90 4.40 4.00
7.10 3.60 5.00 4.50 8.10
7.00 3.60 5.20 4.70 6.40
7.10 3,70 5.10 4,80 ó.00
7.00 3.80 5.20 4.80 5.90
6,30 3.20 4.40 4.20' 5.1*
..00 3.00 4.20 4.80 4.90
6.90 3.70 5.4* 4.80' 6.10
7.30 3.70 5,80 4.90 6.40
6.70 3,80 5.0* 5.00 5.10
6.10 3.90 4.34) 5.10 4.30
- 5.60 1.90 4.2) 5.10 3.90
S.iO 3.90 3.90 5.00 3.80
5.Iu 3.90 4.30 5.00 3.60
4.90 4.00 3.8* 4.90 3.10
5.10 4,00 3.90 4.00 3.4*
4.40 4.00 3.4* 4.80 2.60
3.80 4,00 2.94 4.10 2.10
3.40 4,00 2.40 4.64k 1.54
1.10 4.10 2.1.) 4.60 1.10
2.80 4.10 1.8* 4.44 0.00
2.70 4.20 1.7) 4.30 0.70
2.30 4.10 1.20 4.20 01U
1.90 4.10 1.30 4.10 -0.3*
1.80 4.10 , 0.70 4.00 -0.30
1.00 4.10 0,70 3.80 -0.60
1.40 4,10 0.30 3,70 '0.lu
1.20 4.00 0.60 i.00 -0.80
0.90 4.10 0.00 3.50 -1.20
.0.80 4.10 0.541 3.40 -1.5*
4.70 4.00 0,60 1.20 -1.40
0.50 4.00 0.20 3.00 -1.70
0.40 3.90 0.30 3.00 -1.70
0.10 3.00 -0.20 2.90 -2.0*
-0.10 3.90 -0.40 2.80 -2.2v
•0.2u 3.90 '0.44' 2.70 2.30
-0.40 3.84 -0.70 2,60 -2.40
-0..0 3.70 -0,30 4.40 -2.50
-0.70 3.70 -0.50 2.3* -2.7*
-0.80 3.10 -0.4.0 2.30 -2.70
-1.00 3.70 -0.70 2.10 -2.90
1.10 3.60 '0.90 2.00 -3.00
-1.30 3.60 -1,00 2.04) -3.2*
-1.40 3.50 -0,90 1.80 -3,30
.1.5* 3.50 .0.10 1.80 -3.30
.1,60 3.00 -0.90 1.60 -3.40
-1.70 3.30 -1.20 1.50 .3.70
.0.90 3.30-1.40 1.40 -3.8*
.1.90 3.20 -1.00 1.341 -3.0*
.0.90 3.10' .1.74 1.2* -4.vO
-1.90 3.10 -2,10 1.10 -4.00
-1,80 3,00 -2,20 1.00 -4.10 -
-1.80 3.00 •1.60 1.00, -4.0*)
-'1.90 3.0 -3.30 0.90 -4.2)
'ó,SQ 3,90'-2,70'0.,90 -4.30
'1.80 2.90 2,60 0.10 -4.50
-.1.90 2,80 -1.80.0.70 -4.40
--1.10 2.70 .0.90 .6.80' -4.20
.0.40 2.70 -2.10 0,70 -4.00
'-1,202,70 -1.80 0,70 -4.10
,O.70 2.70 -0.90 0,70-3.60
0.60 2.70 '0.30 0,80 -2.58
0.70 2.60 0.10 4.80 -1.70
t.4o 2.80 0.90 0.90 -1.40
!.1	 :.	 :.;;
3.00 2,50 1.54 1.20 0.60
3.70 2.50 2.0*) 1,40 1.60
4.40 2.50. 2.40 1.70 2.8*
5,30 2.70 2.50 2.10 1.30
4.902,70 2.70 2.20 3.10
• - Actual.
319 -
TIME IN HOURS
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IN MLY/MIN GRAPH OF TERMS IN HEAT BALANCE EQUATIONFLUX
300
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210
180
150
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TEMPERATURE C
20
	
ACTUAL VERSUS PREDICTED SUB ROAD TEMPERATURE
19
18
17	 ____ PREDICTED 35cm	 ____ PREDICTED 18cm
18
15
14
	
ACTUAL 36cm	 ____ ACTUAL 18cm
13
12
11
10
1
0
—1
—3
—4
—5
—8
—7
—8
—9
—10
0
NOON
0	 12	 14
MIDNIGHT
5	 8 20 22
TIME IN HOURS
05-08 FEBRUARY 1979
06-02-79
- 321 -
1. -0.00013
0. .0.00013
0. -0.00012
0, -0.00012
0, -0.00011
0. .0.00010
0, .0.00009
0. -0.00005
0. -0.00006
0. -0.00006
0. -0.00004
0. -0 .000u3
0, -0.00001
0.	 0.00000
0,	 0.00001
0.	
-0.00001
0.	 o.u0u0
0..	 0.00902
0,	 0.00001
0.	 0.00001
0.	 0.00001
0,	 0.00v01
0.	 0.00001
0.	 0.00001
0.	 0.00001
0.	 0.00001
0.	 0.00001
0. 0.00001
o:'-j0000 •
	
0.	 0.00v0&
	
51.	 0.00003
	11. 	 0.00003
64, 0.00003
	
17.	 0.00003
	
60.	 0.00003
	20 	 0.00003
	
34.	 0.00008
49. 0.00007
65, 0,00e07
	
$2.	 0.u0007
	98. 	 0.00007
	
15.	 9.00007
31. 0.00007
45. 0.00007
84. 0,90007
	
•I.	 0.00uO'P
97. 0.00007
l. 8.00007
It.
47.
64. •.00u01
0.00007
0.00007
14. 0.00007
9,. 0.0001,
87. -
79. °
72. •.00097
64, 6.0000)
86. -
74.
S8.
OS.
34. •.0000o
00,
03. -
29. -
S0•
...tUl4tUTU UATA*
SAT. yAP.- PRESSURE(MB) s
 :7.05
VAPOUR	 PBUURE(M0)u' 4.66
KEI. HUMIDITY rRAcTI0M.. 0.66
APPROX..PRECIP. WATER(M$J* 7.6
ROAD DAMPIMO D€PTII(CM)* .
	 72.
AIR OAHPIHG DEPTH(CN) s
	3405.	 2759°.
AIR IIEAT TRANSFER cuEF.çcs)c-- :0.00412
	
0.00211
DEC	 R	 .736 718 '&° ... -0*	 0 .	 TiNE WET
-15.414	 0.9l62-75.l27.4 '5.-t.75S... 478.
	0.1-	 22
SOZaAR $UN
	 KN:	 -. H-- -L	 TO	 -. .TC	 SUN	 Ml
TIME	 - . (AUMZaYiMZHi).
	CC.)
	
12.0 543.8° 2646 -°-410 '225. ° 'O, 	 5.90	 6.13
	
12.0540.9 261.7:39. -223.- '-0.
	 6.00- -6.10
12.0 531.9 252.9 -36..-21'l.	 0,	 6.00	 6.00
13.0 517.3 238.7 .-31.208.
	 .0.	 5.92	 5.85
13.0 496.7 219.0
	 24. -195. - 0.	 5.78	 5.63
	
13.0-470.5 194.5 
--17.--17S.. --0.	 5.56	 5.35
14.0 439.3 166,08..159,	 0.	 5.29	 5.01	 -
	
14.0 402.8 134.0. .1. 136. - .0.. 4.96	 4.62-
14.0361.5	 99.5	 10.. -110.	 0,	 4,58	 4.20
• 15.0 312.4	 66o5	 35. -102.-	 0.	 - 3.97	 3.37
15.0 2a3.2	 32.0	 39. -72.	 0,	 3.41	 2.85
15.0 210.2	
-0.7 .44.. .44..	 0,	 2.90	 2.38
16.0 153.5 -29.6
	 48. -19.	 0,	 2.43	 1.95
16.0 09.5 -53,0
	 50..	 3.	 0.	 2.01	 1.59
16.0 0.0 -69.0 50,
	
19.	 0,	 1.66	 1.32
-17.0	 0.0 -60.5. 44,-
	
25.	 0.	 1.44	 1.22
17.0	 0.0 -60,2	 40.	 29.	 0.	 1.30	 1.16
17.0	 0.0 -68.0	 36.	 32. . 0.	 . 1.20	 1.11°
18.0	 0.0 -29.4	 8.	 21. - -0.	 1.45	 1.69
10.0	 0.0 - -29,6	 12.. 17	 0,	 1,60	 1.76
18.0	 0.0 
- -29.6 -13,
	
14,	 - 0.	 1.69	 1.77
19.0	 0.0 -29,6. 13.
	 1.-	 0.-	 1.73	 1.77
19.0	 0.0 -29.6 - 13.
	 16:	 0,	 --1.75	 1.7?
19.0	 0.0 .29.6	 12.- 17,. - 0, - - 1.76
	 1.76
20.0	 0.0 -29.6	 12,	 17. -	 0.-	 1.76- 1.76
20.0- 0.0 -29.6
	 12.	 17.	 0.	 1.75	 1.75 -
20.0	 0.0 -29.5	 11.	 1$.	 0,	 -1.75	 1.74
-21.0	 0.0 -29.5	 11.	 18.	 0,	 1.74	 1.74
21.0	 0.0 -29.5	 11.	 18. - 0.	 1.74	 1.74
21.0	 0.0 -29.5	 lu.	 10.	 0.	 1.74	 1.73
22.0	 0.0 -21.4	 33,	 52. -57.	 1.45	 -1.16	 -
32.0	 0.0 -28.2- - 26.. 56.. .5-4. 	 1.2-7 : 1.10 -1
22.0	 0.0 -21,2	 23.	 55, -53.	 1,17	 1.07 .1
23.0 - 0.0 -28.1
	 22.	 59. ---52..	 -1.1*- 1.05 -2
23.0	 0.0 -20.1	
-21,	 59. -2,	 1.0$	 1.04 -2
23.0	 0.0 -28.1 .20,
	
60. -51-..	 1.05	 -1.03 -3
0.0 .0.0 -27.1
	 2.	 3, .. . 14.	 1.24	 1.42 -3
- 0.0	 0,0 - .27.2-	 1.-	 3'7.-;.16.	 - 1,35	 1.4-7 -3
0.0	 0.0 -27.3	 7..	 36.	 16,	 1.42	 1.49	 3
.1.0	 0.0- .27e-3 . S.
	
36.	 16,-	 1.46	 1.49	 3
1.0 0.0 •273	 S.	 36. '-16.	 1.48	 1.50 -3
1.0. 0.0 -27.3
	 8.	 34.- -16,	 1.49 -1.50 -4
2.0° 0.0 -27.3
	 5, -35. '-16.	 1.49	 iaSO	 4
2.0	 0.0 -27.3	 5,	 35, -1,7.	 1,50 ° 1.50 .4
2.0	 0.0 -27.3 . 8.
	 35. -17.	 1.50	 1.50. .4
3.0	 0,0 -27.3	 9,' 35,. -.17.	 1.50	 1.10 -4
3.0	 0.0 -27.3	 9, - '35..17.	 1.50	 1.50 -4
3.0	 0.0 -27.3	 9.	 35...- .1-7-.	 . 1.50 -1.50
4.0 0,0 -27.3
	 9,	 35. ° -17. 	 1.50	 1.50 -S
4.0	 0.0- -27.3	
- 9.	 35.:2--$7. '- 1.50 	 1.51 .5
4.0	 0.0 -27.3	 9, '35,- 17.	 1o50	 1.51 -5
5.0	 0.0 -37.3 .- 9, -35..- -17,
	
1.51	 1.51 •5
5.0	 0.0 -27.3	 9	 -35. '17. - - 1.51	 1.51	 5
1.0	 0,0 p27.3---	 a :-..3s,:..17.	 1.51	 1.51 -6
4.0	 00 ....-2S2 .40.	 49.°'16.''° 2.09	 2.67 .5
-6.0	 0.0 -25.6-27. .42...1L.--- 2.47	 3.05- -5
6.0	 0.0 - .257	 2i,	 3'..:.	 . - 2.49	 2.92	 5
-25.1 -II. - }7.'. 7. - 2.83 :2,4
7.0 0,6 
-25.0 '-16.
	
3ê,4,-	 291	 2.99
- 7.0 103,7 . 5•$
	 22,° ° 2$• °. 2'-1	 3.05	 3.19 -5
8.1 140.3 12.7 -25.' 20. '47•	 3.22 ),3 -6
1., 159.2	 29.1.37. .. 12,' :44.	 3.40 -
8.0 171.5 :43.7	 20. - 5. ..20,	 3.55	 3.76 -6
	
LI 150.5.. - 56.8-.- 2, ' 2.--- 24.-
	
3.76	 -3.93
9.0 187.4	 48.2 - -29. - •S.;'31.	 3.91	 4.07 -6
	
9.0. 192.0 - 78.0 :29.- ..13..!.-35.	 -4.06	 4.20 .7
	
10.0 17.3 ... .. . 5 '-29.: .i*. .•;	 '-ES	 k.	 -!
400.1 '- 93.4 - •2$'. •22	 43.	 - 4,3Q: . 4.42 -7
	
10.0 203.4. 99.0 
-25, ''25. -46.	 4.40	 4.50 -
	
11.8 . 205.5 103.3 -37, .2S. --49.	 4.49	 4,57 -8
11,0 504.	 106.3 -25.. .30, .51.	 455 - 4.62 '9
11.l 207.8 .108.0 •34. '32... -52. ' - 4.61 - 4.67-.?'
Modei.utput' ':
TO T36 AjT18 Tolab
5.90 2.60 2.50 2.20 4.20
5.70 2.50 1.50 2,70 4.00
8.00 2.60 2.20 2.90 4.30
4.90 2.60 2.20 3.10 5.90
5.70 2,70 1.40 3.40 4.30
6.10 3.00 2.30 3.60 4.90
5.70 250 1.70 3.50 4.60
5.80 2.90 1.0 3.70 4ó0
6.60 3.00 2.50 '3.80 4.70
5.50 2.50 1.50 3.50 4.10
4.30. 2.70 0.90 3.60 2.90
4.30 2.00 1.60 3.90 2,Su
4.10 3.10.1.40 4.00 2.70
4.00 3.30 1.40 4.00 2.40
3.90 3.40 1.40 .1.90 2.40 -
3.50 3.20 1.20 3.01 1.90
3.60 3.20 1.40 3.40 1.90 -
3.00 3.00 1.10 3.% 1.40
3.00 3.20 1.20 1.40 1.50
2.20 3.10 1.30 3.30 1.40 -
3.10 3.20 .1.50 3.40 1.50
2.90 3.20 1.bO 3.40 1.50
3.003.20.1.60 3.20 1.Su
2.70 3.20 1.70 3.10 1.40
3.40 290°1.40 2.00 1.10
2.30 2.90 1.50 2.oO 1.00
2.30 2.90 1.80 3,10 1.uU
2.40 3.20 1.90 3.10 1.20
2.50 3.30 1.90 3.10 1.20
2.30 3.20 1.70 3.00 1.30
2.30-3.20 1,80 3.00 1.30
2.30 3.20 1.80 3.00 1.30
2.30 3.20 1.00 3.00 1.iu
2.30 3.20 1.80 2.90 1.40
2.30 3.20 1.80 2.90 1.30
2.30 3.20 1.10 2.90 1.30
2.30 3.20 1.90 2.90. 1.30
2.20 3.20 1,90 2.90 1.40
2.30 3.20 1.90 2.90 1,40
2,30 3.20 1.90 2.90 1.50
2.30 3.20 2.Ou 2,90 1.80
2.30 3.20 1.90 2.90 1.50
2.20 3.20 1,90 4.90 1.30
2.20 3.10 2.00 2.90 1.50
2,30 3.20 2.00 2.90 l.Sv
2.20 3.10 1.90 2.70 1.40
2.20 3.10 2.10 2.70- 1.Sv
2.20 3.00 2.10 2.90 1.50
2.54 3a0 2.40 2.90 1.90
2.80 3.10 2.30 3,00 1.90
2.oO 3.10 2.20 2.60 1.00
3.80 3.10 2.20 3.00 1.00
- -2.60 3.10 2.30 2.00 1.00
2.79 3.20 2.40 2.90 1.$u
.2.00 3.20 2.50 2.90 1.90
2.90 3,20 2.50 3.00 1.79
1,003.28 2.70 2.00 2.te
3.10 3.20 2.80 3.00 3.10
3.30 3.30 2.90 a.wo 2.30.
3.40 3.10 3.10 3.uO 2.3*
3.30 3.20 3.10 3.10 2.20
3.80 3.20 3.20 3.10 2.50
3.60 3.20 -3.20 3.14 2.50
3.90 3.29 -3,40 3.20 3.0*
4.10 3.10 3,6e 3.-lu 3.4o
4.20 3.10 3.40 3.30 3.30
e • a.8u 4.ev .1.80 3.40
6.90 3.40 4.50 3.60 4.30
1.40 3.48 4.70 1.50 4.90
5.50 3.40 4.70 3.. 90
5.59 3.40 4,90 3.9. 1.v0
6.40 3.40 1.40 4.90 5.40
Actuàls
.322 -
PREDICTED 18cm
____ ACTUAL 18cm
____ PREDICTED 38cm
____ ACTUAL 36cm
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FLUX IN MLY/MIN GRAPH OF TERMS IN HEAT BALANCE EQUATION
nn
TIME IN HOURS
TEMPERATURE 'C
ACTUAL VERSUS PREDICTED SUB ROAD TEMPERATURE
17
16
15
14
13
12
ii
10
9
8
7
8
S
4
3
2
I
0
-i
-2
-3
-4
-5
-6
-7
-8
-9
-10
NOON
0	 12
MIDNIGHT
1	 r	 I 	 W	 16 18 20 22 24
TIME IN HOURS
08-07 FEBRUARY 1979
07-02.79
- 324 -
0.00343
TIIIE WEI
0
SUM
	
.O.o0007	 T34-Alr -T1O-Ts
-0.00008 6o10 3,40 5.40 4.00 5.
-0.90007 4.00 3,10 5.30 3.o0 5.90
-9.00007 4.00 2.90 5.30 4.10 5.10
-0.00007 4.30 3.40 5.80 4.20 5.90
'0.00007 4.50 3.40 4.10 4.30 4.30
-0.00004 6.70 3.50 4.20 4.40 4.30
- .0.00006 6..0 3.50 6.30 4.40 - 4.19
4.70 3,40 4.30 4.50 6.10
0.00006 4.40 3.40 6,30 4.60 6.00
0.0000S 6.80 3.50 4.20 4.80 4.00
.0.00003. 6.50 3.80 5.90 4.90 5.80
-0,00003 6.30 3.80 5,70 4,80 5.40
.0.90001 4.50 3.60 5.10 4.80 5.20
0.00001 6,00 3.70 5.00 4.80 4.90
0.00001 5.70 3,80 4.90 4.60 4.941.
9.110002 5,30 3,60 4.50 4.60 4.4w
5.20 3.60 4,40 4.60 4.30
5.00 3.60 4.10 4.80 4.20
-0.00001 5 10 3 90 3
-o.00uo 5:00 4.00 3.80 4.80 4:00
0.00000 4.80 4.00 3.40 4.80 . 4.00
0.00000 4.60 4.00 3.40 4.$v 3.70
.00000 4.50 4.10 3.40 4.00 3.74
,0000Q 4.50 4.29 3,40 4.40. 3•4p
.0001 420410 110440 330
: 0001 4.00 4.00 3,00 4,60 3.200001 4.10 4.10 3.20 4.40 3.30
0.000oi. 4.10 4.00 3.10 4.40 3.10
0,00001 3.80 4.00 3.10 4.40 3.10
0.00001 3.60 4,00 3.00 4.40 2.90
0.90041 3.70 4.10 3.10 4,40 3.00
0,00001 3.60 4.20 3.00 4.40 2.90
0.04001 3.60 4.10 2.80 4.20 3.70
0,00001 3.10 4.00 2.60 4.00 2.50
0.00003 2.90 4.00 2.49 4,00 2.Ju
0.OoeOo 3.00 4.10 2.60 4.09 2.40
0,004101 3.20 4.20 2.40 4.09 2.40
0.00001 2.80 4,10 2.50 3.90 2.4w
0.00003 2.40 4.10 2.20 3.80 1.80
0,00003 2.10 4.10 2.00 3.90 1.20
6,00003 2.10 4.10 2,00 3,80 1.20
0.00002 1.80 3.90 1.70 1.30 1.00
0.00002 1.40 3.70 1,50 3.20 - 8.70
0.00003 1.70 3.70 1.70 3.141 0.70
0,90003 1.40 3,40 1.40 L3u 0.50
6,09003 2.00 3.90 .1,80 3.20 1.10
0.00003 2.00 3.80 1.99 3.10 1.10
0.j0410J 1.50 3.60 . 1.0 3.19 0.50 -
4.00003 1,103.80 1.bu 3.10 0.10
0,00003 0.90 3.80 1.49 3.10 -0.20
0.09003 0.70 3.80 1.70 3,90.0.30
6.00903 0,40 3,80 1.50 2.90 .0,40
6,900oj .0.30 3.80 1,30 2.80-0.70
8 ,00994 6.00 3,10 0,80 2.60 -1.10
0.00995 .4.10 3.70 0.70 2.50 -1,30
S 0000$ .0.40 3.50 0.50 2.40 -1.70
•.00005 .0.50 3.50 0,50 3.40 -1.80
6.00005 0.50 3.59 0,40 2.30.2.00
•.9000, '0,50 3.50 0.40 2.10-2.20
'U,9 .1.40 0.00 2.10 -2.50
4 .u0o '.0.30 3.50 -0.10 2.80 2.10
'Q.,0901 1.00 3.50 0.50 1.90 -1.70
.00094. 9,50 3.40 0.60 1.80 -1.40
.0,00007 1.10 3.30 1.10 1.0 -0.70
•6.09010 2.00 3.30 1.40 1.90 9,70
,vi. 4' *,* .t •.SV
.00014 2.40 3.10 1.20 2.00 1.99
.0491$ 2.70 3.00 1,40 2.00 1.60
.40031 3.2u 2.80 1.40 2.00 1,80
0.00023 3.20 2.80 1.70 2.10 - 2.39
.09034 350 2.70 2.00 aao 2.70
3.90 2.88 2,30 2.58 2.
1.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
.0.
0.
0,
0.
0.
0.
U.
0.
0.
0,
0.
0.
0.
0.
0.
0.
U.
0.
U.
0,
0.
0.
0.
0,
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0,
0.
0.
0.
4,
0.
0,
0,
0.
0.
U.
0.
0.
0.
0.
0.
0.
***CUI4PUTW UATA$**-
	
SAT. YAP. PRS6UR(MB)	 9.2$
YAPOUR	 PRESSURE(NB)U 9.00
RL. 1IUMIDITI FRACTION c 0.97
APPROZ. PRECIP,. WATER(KIflu 14.1.
ROAD DANPINGDEPTH(CM) .	72&
3076.
AIR HEA! TRANSFERICOE?e(CG$)c 0.00339
..:oEç.
	
R-'-736	 UA- .	 0
-'.15.100	 o :9i6276...27f2 1.:5,9 607.: 0.5
.8O1.AR SUN . RN	 : . ....	 TO	 TC.
(ALL RLI.#kIl,)	 (C.)
	
12.0 . 208.1 101.1 •3g•. 70*: 0s	 6.10	 7.65
12.0 207.8 107.5	 38. -7.1,	 0.	 6.88	 1.65
12.0 206.9 10547.: 37. -70. . •0...	 7.25	 7.63
	
13.0 205.5 102.7 -36. -6$.
	
0.	 7.43	 7.60
13.0 203,5	 98.4 --34. .66.	 0.	 7.49	 7.55
13.0 200.8	 92.8 -31. -62,	 .0.	 7.48	 7.48
.14.0197.3	 85.9 -29. -58,	 0,	 7.44	 7.40
-14.0 193.0	 77.6 -26. -53.
	
0,-. 7.37	 7.29
14.0 187.5	 67.7 -22.	 47. . 0.	 7.27	 7.16
15.0 180.7	 55.1	 1. . -57.	 . 0.	 6.92	 6.57
15.0171.8	 42.4 . 1. .44..	 0.	 6.41	 6.31
15.0 159.6	 279	 4. -32.	 0.	 6.34	 6.97
16.0 141.0	 11.7	 7. .20.	 :0.	 4.08	 5.82
16.0 105.6	 -6.5 . 12.	 -7.	 0.	 5.81	 5.54
16.0	 5.5 -26.4	 18.	 9. . .0,	 5.52	 5.23
17.0	 0.0 -26.8 . 14.	 13.	 0	 5.33	 5.13
17.0	 0.0 -26.7	 11.	 16.	 0.	 5.20	 5.08
17.0	 0.0 -26.6	 9.	 18.	 0.	 5.12	 5.04
18.0	 0.0 -29.8	 53. -24.	 0.	 4.51	 3.90
18.0	 0.0 -29.4	 42. -13.	 0.	 4.09	 3.47
18.0	 0.0	 29a1	 36.	 7.	 0, .	 3.83	 3.56
19.0	 0.0 -29.0 .32.	 4..	 0,	 3.66	 3.49
19.0	 0.9 -28.9	 29.	 1. : 0. . 354	 3.43
19.0	 0.0 -28.8	 27.	 1.	 0.	 . 3.46	 3.38
20.0	 0.0 -28.7	 25.	 .3.	 0	 3.40	 3.34
20.0	 0.0 •28.6	 23,	 5.	 0.	 3.36	 3.31
20.0	 0.0 
-28:.S	 22.	 .6..	 .:.	 3.32	 3.28
21.0	 0.0 .a28.S	 20.	 . Q..	 329
21.0	 0.0 -2$4 .19.	 9.	 . ,	 3.24	 .3.23
21.0	 0.0 -28.4	 18.	 10.	 0.	 3.23	 3.21
22.0	 0.0 -28.3	 17.	 11.	 0.	 3.21	 3.19
22.0	 0.0 -28.3	 16.	 12.	 Q	 3.19	 3.17
22.0	 0.0 -28.3	 15.	 12.	 0,.	 3.17
	
3.15
23.0	 0.0 -28.2	 14.	 13.	 0.	 3.16	 3.14
23.0	 0.0 -28.2	 14.	 14.	 O	 . 3.14	 3.13
23.0	 0.0 -28,2	 13.	 14.	 0	 3.13	 3.11
0.0	 0.0 -55.2	 56. . 2.	 0.	 2.59	 2.05
0.0	 0,0 -54,5 . 46.	 .1.	 0.	 2.22	 1.85
0.0	 0.0 -54.1. 40.	 13. :0.	 1.98	 1.75
1.0	 0.0 -539	 37.	 .16.	 0,	 1,84	 1.69
1.0	 0.0 -53.7	 35	 18.	 .0.	 1.74 . 1.64
1.0	 0.0 -53.6	 33..	 20..	 0.	 i;i•	 1.60
2.0	 0.0	 32.	 23	 0.	 1.62	 1.57.
2.0	 0.0 -53.3	 30,	 23.	 0.	 1.58	 1.54
2.0	 0.0 -53.2	 29.	 24..	 O..	 1.55	 151
3.0	 0,0 -53.3	 28.. 26.	 O,	 1.52	 1.49
3.0	 0.0 -53.1	 ai . . 27.	 0, .	 1.49	 1.47
3.0	 0.0 -53.9	 26.	 27.	 0,	 1.47	 1.45
4.0	 0.0 -53,0	 25.	 28.	 .0..	 1.45 . 1.43
4.0	 0.0 -52.9	 24.	 29.	 0,	 .1.44	 1.42
4.0 0.0 -52.8	 23.	 30.	 0.	 1.42	 1.40
5.0	 0.9 -52.8	 22.	 30.	 8.	 1.41
5.0	 0,0 -52.8	 22.	 31.	 : 0 .	 1.39	 1.38
5.0	 0.0 .52.7	 21. .. 32.	 0.	 1.38	 1.37
4.0	 0.0 -90.1	 53• . 37	 .0.	 0,97	 1.56
6.0	 0.0 -89.2	 45, . 44.. .6.	 •.o,	 0.42
.4.0. 0.0 • .88.8	 41.	 48.	 .0,	 4,53	 0.34
7.0	 0.0 -88.5	 39	 50.. .0.	 0.41	 0.30
•1.0.. 4.9	 $74	 37	 $, . ;0.	 .0.34	 0.27
7.0 72.3	 74.2	 29.	 4.	 0.	 ••
8.0 138.4 -50.!	 18. . 32.	 -0.51	 •.s
8.0 205.3 -19.1	 4.	 13.	 -0.	 0.77	 1.04
8.0 270.5	 18.1	 .7	 -11k	 .0,	 1.15	 1.52
9.0 332.8	 58.7 -21. -31.	 0,	 1,61	 2.0$
9.0 390.5 99.0 .33, -68. - 0.	 2.15	 2.6$
9.0 443.1 140.2 _44• -97.	 0.	 2.71	 3.2$
10.0 490.3 178.2 -53.	 O	 .:siu., $40.9 212.0 -60. -153. 	 -1,	 3.SS	 4.41
10.0 544.7 240sf -44. .177.	 0,	 4,37 4.90
11.6 591.7 264.3 .47. .198.	 0,	 4.85	 5.32
11.. 611.0 281.0 .46. .215.	 . 0,	 5.24 5.44
11.0 622..? 290. .44. '22$.	 0.	 5.5$ 5.91
Model .:putput	 O7-C2-79	 Actual.
- 325
270
240
210
180
150
120
90
80
30
0
-30
-80
-90
-120
-150
-180
-210
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FLUX IN MLY/MIN GRAPH OF TERMS IN HEAT BALANCE EQUATION
300,
-2404
-270.1
3001- ,
	 r	 ,	 i	 ii-i	 .	 r	 u	 r-,--_t 	. i-- i
0	 2	 4	 8	 8	 10 12 14 18 18 20 22 24
TIME IN HOURS
TEMPERATURE 'C
20	 ACTUAL VERSUS PREDICTED SUB ROAD TEMPERATURE
19	 --___	 ___
18
i7.	 PREDICTED 38cm	 ____ PREDICTED 18cm
184
154
____ ACTUAL 38cm	 ____ ACTUAL 18cm
i3-
12..
11..
10..
9..
8.4
7.
10	 1	 1	 -r r r-	 'r	 -i--i -	 t -r -r- -r- -r--'r- , r r-i--i
0	 2	 4	 8	 8	 10 12 14 18 18 20 22 24
NOON	 MIDNIGHT	 TIME IN HOURS
07-08 FEBRUARY 1979
08-02-79
- 327 -
SAT. YAP. PRES8URth8). 7.6$
VAPOUR	 PRIUURE(MB)I 5.22
RL. uuMIDIn'rRAc?Ioau•' 0.6$
APPROX. PR€CIP. WATR(NNI '4.4
ROAD DAMPING DPTHC$) 8 :	 72..
AIM DAMPING 'DEPTH(cM).. - '3680, 	 . 3542
AIR' HATTMANSFR cU,.(CC8). 0.00475' 0.0q443
bLc-	 R	 736 11$ .to	 UA	 0	 TINE W*7
..,14.783	 0.987275,9275.9	 4.t 49$.. 82..	 0.5	 . 0
SOLAR SUM	 RN' •	''	 ii	 TD	 TC	 SUN
TIME	 (AId. MLr./NzN.-;	 .	 (C.)
	
• 12.0.208.6 . 80..	 19.: •o.	 ..	 4.60	 4.49
12.0 208.3	 $0.2 •IS.' -63.	 - 0.	 4.54	 .4.49
.12.0 207.5	 78.4 -18. -61.	 - 0,	 4.51	 4.47
13.0 206.1	 75,5	 17	 -60.	 0..	 447	 4.44.
13,0 204.1	 11.2 -15. '-57. 	 0.	 4.44	 4.40
13.0 201.4	 65.7 -14. -53.	 0.	 4.39. 4.34
14.0 190.0	 58.9. -11. .48.	 0.	 4,33	 4.27
14.0 193.7	 50.7	 -9. -42. •.• 0.	 4.26	 4.19
14.0 188.3	 41.0	 -6. -35. ,	0.	 4.17	 4.09
15.0 181.6	 29,0	 7. •37.	 0..	 3.94	 3.71
15.0 172.9	 16.3	 8. -25.	 0.	 3.74	 353
15.0 161.1	 2.0	 10. -13. - 0.	 3.55	 3.36
16.0 143.3 -13.9	 13.	 0..	 0	 3.36	 3.17
16,0 110,3 -31.9	 17..	 14.	 0.	 3.16	 2.96
16.0- 15.6 -520	 21.	 30...	 0.	 2.94	 2.73
17.0	 0.0 -53.9	 IS.	 35.	 0..	 2.80	 2.65
17.0	 4.0 -53.7	 15.	 38.	 0.	 2.71	 2.62
17.0	 0.0 -53,7	 14.	 39.	 0.	 2.65	 3,40
18,0	 0.0 -52.4	 2$,	 24.	 0.	 2.43	 2.22
18.0	 0.0 -52.1
	
23.	 29.	 0.	 2.29	 2.15
18.0	 0.0 -52,0	 20.	 31.	 0..	 2.20	 2.11
19.0	 0.0 -51.9	 10.	 33.	 0..	 2.15	 2.09
19.0	 0.0 -51.9	 17.	 34.	 0.	 2.11	 2.07
19.0	 0.0 -51.8	 16.	 35.	 0.	 2.08	 2.06
20.0	 0.0 -51.8	 15.	 36	 0.	 2.06	 2.04
20.0	 0.0 -51.7	 14.	 37,.	 0,	 2.05	 2.03
20.0	 0.0 -51.7	 J3.	 37.	 0.	 2.03	 2.02
21.0	 0.0 -51.7 . 13. -31.	 -0.	 2.03	 2.01
21.0	 0.0 -51.6	 12.	 3$,	 0.	 2.01' 2.00
21.0	 0.0 -51.6	 12.	 39.	 0.	 2.01	 2.00
22.0	 0.0 -51.6 -11.
	
39.	 0.	 2.00	 1.99
22.0	 0.0 -51.6	 11.	 40.	 .0.	 1,99	 1.99
22.0	 0,0 -51.6	 11.	 40.	 0.	 1.99	 1.98
23.0	 0.0 -51.5	 10,	 40.	 0.	 1.98	 1.98
23.0	 0.0 -51.5	 10.	 41.	 0.	 1.98	 1.97
23.0	 0.0 -51.5	 10.	 41.	 0..	 1.97	 1.7
0.0	 0.0 -32.2	 11.	 21.	 0.	 j.95	 1.93
0.0	 0.0 '-32.1	 10.	 21..	 0.	 1.94	 1,92
0.0	 0.0 -32.1	 10.	 21.	 .0.	 1.93	 1.92
1.0	 0.0 -32.1	 10.	 22.	 '0.	 1.92	 1.91
1.0	 0.0 -32.1	 10.	 22..	 0..	 1.92	 i.9t
1.0	 0.0 -32.1	 9,	 22..	 .0.	 1.91 .1.91
2.0	 0.0 -32.1	 9.	 22.	 0..	 1.91	 1.90
-2.0	 0.0 '32.-I.	 9. , 22.	 0.	 1.91	 1.90
2.0	 0.0	 32.1	 .9.	 23.	 ' 0.	 1.90	 1.90
3.0	 0.0 -32.1	 9	 23.	 -0.'	 1.90. 1.
3.0	 0.0 -32.1	 9.	 23.	 0.	 1.90	 1.90 -
3.0	 0.0 -32.1	 9.	 23.: . 0,	 1.90	 1.90
4.0	 0.0 -32.1	 9,. 23. '	 0. . 1.90	 1.89
4.0	 0.0 -32.1	 8.	 23.	 .0.	 1.89	 1.09
4.0	 0.0 -321	 8.	 23.	 ' 0..	 1.89	 1.89
5,0	 0.0 -32.1	 8.	 23.	 0.	 1.89	 1.89
5.0	 0.0- -32.1 -	 8.	 23.	 0.	 1.89	 1.89
5.0	 0.0 -32.1 . 8.	 23. .. 0.'	 1,19	 1.29
6.0	 0.0 .30.7	
_$	 3$.- ' '0	 ' 2.05' 2.21'
6.0	 0.0 •30.S	 .2. . .32.'. .0. - - 2.1$	 2.26.
6.0	 0.0 -30.0	 •• .:	 •.'.	 0.2.21	 .22S
7.0	 0.0 -30.9	 1.	 30.,	 0... .2.25 '.2.29
7.0 26.7 -27.7'
	 0.	 27.	 -0.-	 2.2	 -3,33•
7,0 1-13.1	 .7.1. . ..7.	 14.:	 O.- - 2.41'2.53:-.
5.0 144.0	 11.1 •12.	 0. - :O	 2.5$-..- 2.75
8.0 162.1	 27.3 •1S. -12..: 0..: 	 2.77	 8.95:.
8.0 171.7	 41.8 -11.	 2Se -, 0.	 2.9$	 3.14
9.0 182.3 ' 54.7-20. -36.	 'I.-	 3.13' 3.31
9.0 185.	 '46.0 '21. ,'46.	 0.'.	 3.30	 3,47
9.0 194.2
	
75.8 - .2. -55.: - 0.	 3.46 '3.61
10.0 198.5
	
84.1 -22. "'63.	 0.	 3.60	 3.74
2I.0 -$,
	 -• .,.--	 v.3.72	 3.54
10.0 204.4	 6•4 •22. -75.	 0.	 3.83 3.93
	
11.0 204,6 100.4 -21. -SO..	 0...	 3.92	 4.01 -
	
11.0 208.0 103.4 -20, •'$4."	 0.	 4.00 4.07
	
11.0 204.8 105,3 .19. '$7. -	 0.	 4.06	 4.12
Model Otput	 . -\ o8--7Q
.T0. T36 .Air..T18., Tslab
4.40 2.9 2.80 2.70 3.80
4.70 2.9 2.80- 2.80 3.70
4.0 2.9 2.90 3.00 3.70
5.20 3.2 3.50 3.20 4.30
5.50 3.1 3.40 3.40 4.10
5.20 3.2 3.Su 3,40 4.10
5.10 3.0 3.30 3.40 3.70
4,90 3.0 3.30 3.50 3.70
5.00 3.1 3.20 3.50 3.50
4.60 3.1 3.30 3.60 3.30
4.30 3.2 3,10 3.60 2.90
4.20 3.1 1.00 3.60 2.70
4.00 3.2 2.90 3.60 2.20
3,60 3.3 2.70 3.0 3.00
.1.70 3.2 2.80 3.bv 1.Nv
3,60' 3.3 2,60 3.60 1.bu
3,10 3.3 2.50 3,lu 1.48
3.10 3,4 2.40 ).5u 1.3u
290 3,4 2,40 3.50 1.04
2.80 3,3 2.30 3.40 1.14
2,70 3,3 2.40 .1.40 1.lu
2.70 3.4 2.50 3.40 1.40
2,80 3.4.2.40 3.ou 1.10
2.50 3,4 2.40 3.30 0.90
2.50 3.5 2.40 3.30 U.NU
2.40 3,4 2.40 3,20 0.90
2.40 3.4 2.40 2.90 1.10
2.10 3,2 2.10 2.90 0.70
2.00 '3.1 2.10 2.80 0.40
1.90 3.2 2.00 2.84-0.00
2.00 -3.2 2.00 2.80 0.10
2.00 3.1 2.10 2.70 0.70
1.90 3.1 2.00 3.40 0.70
2.20 3.4 2.20 2.90 0.90
2.10' 3.3 2.20 2.90 1.00
2.26 3.4 2.10 2.99 1.lu
2.24 3.3-2.30 2.90 1.20
2.10 3.3 2.39 2.90 1.10
2.20 3.3 2.30 2.00 1.30
2.30 3.3 2.30-2.90 1.40
- 2.30 3.3 2.40 2.90 1.40
2.30 3.3 2.40 2.80 1.40
2.20.3.3 2.30 2.80 1.40
3.10 3.3 2.00 2,80 1.30
2.00 3.2 2.uO 2.00 1.20
1.90 3.3 1.90-2.80 1.10
1.90 3.3 1.90 2.00 1.20
1.90 3.3 1.90 2,70 1.10
1.00 3.2 1.50 2.70 1.00
1.70 3.2 1.40 3.0 0.90
1.80 3.2 1.38 2.60 0.00
1.60 3.2 1.10 2,oO 0.70
1.50 -3.1 1.20 2.60 0.50
1.50 3.1 1.30 2.60 0.60
1.-SO 3.2 1.50 2.80 -0.90
1.90 3,2 1.60 2.80 0,70
1.00 2.2 1.90 2.40 1.10
1.00 3.2 1.80 2.60-0.80
3.40 3.2, 1.80 3.40 0.50
i.0 U90
2.10 3.12.00 2.500,90
2.20 3.1' 2.00 2.50 0.90
3.70 3.0 2.10 2..0 1.00
3.00 3.1 2.30 2.60 1.30
3.30 3.1 2.50 2.70 1.90
3.40 3.22.50 2.60 1.70
2.'	 .7v -
4.20 3.0 3.90 2.70 2.80
4.28 3.0 3,90 3.00 3.10
4.90 3.0 3.30 2.90 3.60
5.30 3.1 3.50 3.10 4.00
3.40 3.20 4.50
'I
1. -0.00002
0. -0,00002
0. .0.00002
0. -0.90003
0. 0 .00002
0.' -0.00003
0, -0.00002
0.'
0. -0.00001
0.
0.
0.
0. 0.00400
0.	 0.00001
0.	 O.0000i
0,	 0.00041
0.	 0. 0000 1
0.	 0,00001
0.	 0,44441
0.	 0,00041
0,	 0.00001
0.	 0.00001
0.	 0.44041
0.	 0, 00001
0.	 0,00401
0.
0.	 0.40001
.0.	 0.40041
0.	 0.000 *
0.	 0,00901
0.	 0,00001
0.	 0.00001
0.	 0.00401
0. 0.00001
0.	 4.00001
0.	 U.0000*
0.	 0,0004 1
0.	 0.00001
0.	 0.00401
0.	 0.000ui
0. 0.00001
0.	 0.00001
0.	 0.0041
0.	 0,00091
0,	 0.00001
U.	 .Q04Q1
0.	 0.00001
0. 0.00001
0.	 G.000ui
0,	 0.00001
0.	 0.00001
0.	 0.00001
0.	 0 .00001
.0. 8.00001
0. 0.00003
.0. 0.40001
0.
0. 8.00001
0. 0.00001
0. 0.00001
0. 0,00000
0.- .0.00001
U. .0.00001
0. .0.00002
0. -0.00004
0. -0.00003
0. -0,0000J
0. .0.000u3
0. -0.00083
0. -0.00004
0. -0.0040'.
0. .0.00064
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TEMPERATURE 'C
20	 ACTUAL VERSUS PREDICTED SUB ROAD TEMPERATURE
19
18
17	 ____ PREDICTED 36cm
16
15
14	 ____ ACTUAL 38cm
13
12
11
10
I
0
-1
-2
-3
-4
-5
-8
-7
-8
-g
-10
0
NOON
10	 12	 14
MIDNIGHT
8	 i8 20 22
TIME IN HOURS
08-09 FEBRUARY 1979
I,
	
....,_,;•.	
-I
	
,	
,
LI	 f_
:b
9
09-02-79
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•UE4PUTU) DATA*I
6k?, VAP. P9.ES6URECMB). 7.90
VAPOUR	 PR€SSURE(M5)u 5,37.
REf.. HUMIbITY FRACTION $ . .6I.
APPROX. PRECIP. WTER(IIM)$ ' 8.7
ROAD DAMPIJIO DEPTH(Cls) ' -. 92.
	
AIR DAMPjNG ; DEPTH(M). 	4000..	 4505.
AIR $EAVTRAN&FER-CO1?.(CC8)i. 0.00552 0.00616
DEC	 R - 736 715 'TI - UA-	 0	 TINE WETb14,461 0.987276.2276.4 .5.51077.k395.	 0.5	 0
• &OIpAR SUM Ru	 $	 N	 1.E	 TO . TC	 ØUM	 RI
• TINE	 . .. . CAlif. JILTJMIN.) 	 . (C.)
12.0 209.1 105.7 .20,	 7i:	 '	 5.50	 5.09	 1. *0.0000212.0 201.1 105.1 ..19.-06. .. 0.	 .5.29	 5.09	 0, -0.00002
12.0 201.0 103.3 -19. -•':	 0,	 5.16	 5.07	 0. .0.09002
13.0 206.6 100.3 -18. .S3. : 	0.	 5.11	 5.04 • 0, -0.00002
13.0 204,6 96.1 •17. -50.	 0.	 6.06 5.01	 0. -0.00002
13.0 202.0	 90.5. -15. -.76,	 0.'	 6.01	 4.96	 0. -0.00002
14.0 198.6	 53.6 -13. .71. . 0.	 4.95 4.09	 0. -0.00004
14.0 194.4	 75.3 -11. -45.	 0.	 4.80	 4.02	 0. --0.00001
14.0 189.1	 65.5	 $.	 5S.	 0.	 4.00 . 4.72	 0. -0.00uO&
15.0 182.5	 52.7 -14. -67, . 0.	 4.47	 4.14	 0. -0.00001
15.0 174.0	 39.9	 11. -52..	 0.	 4.21	 3.95	 0, -0.00401
15.0 162.5	 25.4	 12.. .38.	 0.	 . 4.00	 3.70	 0. -0.0000-1
16.0 145.5	 9.2	 15. -24.	 0,	 I.s.o	 i.oi	 0-. -0.00001
16.0 114.7	 -9.0	 *7.	 -9..	 0.	 3.61	 3.41	 0.	 0.00000
16.0 31.6 -29.5	 21.	 5.	 0.	 .3,40	 3.20	 0.	 0.00400
17.0	 0.0 -33.2	 15.	 15.	 0.	 3.26	 3.12	 0.	 8.00000
17.0 0.0 -33.2	 16.	 17.	 0.	 3.17	 3.09	 0.	 0.00000
17.0	 0.0 -33.1	 14.	 19. . 0.	 3.12	 3.06	 0.	 0.00000
18.0	 0.0 -33.7	 32.	 1.	 0.	 2.85 3.58	 0.	 0.00000
18.0	 0.0 -33.6 . .25.	 5	 0.,-	 2.68	 3.50	 0,	 0.04)009
18.0	 0.0 -33.5	 22.	 11..	 0.	 2.57	 2.46	 0.	 0.00400
19.0	 0.0 -33.4	 20.	 13.	 0.	 2.51	 2.44	 0.	 0.00000
19.0	 0.0 -33.4	 19.	 14.	 0.	 2.46	 2.42	 0.	 0.00000
19.0 0.0 -33,4 17, 16.	 0.	 2.43 2.40	 0. 0.00000
20.0	 0.0 -33.3	 *6.	 .17.	 0.	 2.41	 2.39	 0,	 0.000410
20.0	 0.0	 33.3	 15.	 II.	 0.	 . 2.40	 2.38	 0,	 0.4104100
20.0	 0.0 •33.3	 *4.	 15.	 0.	 2.36	 2.37	 0.	 0.00000
21.0	 0.0 -33.3	 14.	 19.	 0,	 2.37	 2.36	 0.	 0.00000
21.0	 0.0 -33.2	 13,	 20.	 0.	 2.36 --2.35	 0.	 0.00000
21.0	 0.0 -33,2	 12.	 20.	 0.	 2.35	 2.34	 0.	 0.0000o
22.0	 0.0 -33.2	 12.	 21.	 0.	 2.34	 2.34	 0.	 0.00000
22.0	 0.0 -33.2	 11.	 21.	 0.	 2.34	 2.33	 0.- 0.004100
22.0 0.0 -23.2
	 11.	 22.	 0.	 2,33	 2.33	 0.	 0.UOuOO
23.0	 0.0 -33.2	 11.	 22.	 0.	 .2.33	 2.32	 0.	 0.00000
23.0 0.0 -33.2 10. 22.
	 0.	 2.32 2.32	 0. 0.00000
23.0	 0.0	 33.2	 10.	 23.	 0.	 2.32	 2.31	 0.	 0.00000
0.0	 0.0 -33:.1	 1.	 32.	 2.42	 2.53	 0.	 0.00000
0.0 0.0 -33.1
	 3,	 30.	 .0.	 2.49	 2.55	 0,	 0.00000
0.0	 0.0 -33.2	 4.	 29.	 0,.	 2.52 . 2.56	 0,	 0.00000
1.0	 0.0 .33.2 . 4	 20.	 0,.	 244	 3.56	 0,	 0.00000
1.0	 0.0 .33.2	 4.	 28.	 0,	 2.55	 2.56	 0.	 0.00000
1.0	 0.0 -33.2	 5.	 28.	 0	 . 2.56	 2.57 .	 0.	 0.00000
2.0	 0.0 -33.2	 5.	 28.	 0.	 2.56	 4.57	 0.	 O.000ou
2.0 0.0 -33.2
	 5,	 2$.	 0.	 2.57 . 2,57	 0,	 0.00000
2.0	 0.0. -33.2	 5.	 28.	 0,	 2.57	 2,57	 0,	 0.00000
3.0	 0.0 -33.2,	 5.	 28.	 0. . 2.57 •. 2.57
	
0,	 0.00000
3.0	 0.0 -33.2	 5.	 25.	 -.0.	 2,57	 2.57	 0.	 0.00004)
3.0	 0.0 -33.2	 -5.	 25.	 0.	 .2.57	 2.57	 0.	 0.00000
4.0 0.0 -33.2 . 	5.	 21.	 0..	 237 . 247 .	 0,	 0.00000
4.0	 0.0 -33.2	 5,	 38,-	 .0..	 2.57	 2.57 .	 0.	 0,0000u
4.0	 0.0 -33.2	 5.	 2S.	 . 0,	 2.57	 2,57	 0,	 0.00000
5$	 1.0 -33.2	 3.	 -25.	 0.	 2.57 . .2.57	 0.	 0.80000
5.0	 0.0 -33,2	 5.	 2*. '0,	 2.57	 2.57	 0.	 0.00099
1.0 4.0 -33.2
	
5.	 28. ,	0.	 2.57 2.57
	
0.	 9.09000
6.0 8.0 -32.5 -7.	 39. . 0,.	 2.72	 3.84	 0,	 0.00000
4.0	 1.0	 32,4 • '3. -3S,	 :6.:.	 2.80 , 2.59	 0.	 1.00000
6.0 1,0 -32.6 -2. 14.	 0..	 2.86 391
	
S. 0.00000
7.0 : .53 • 33,7 . - .1..	 2.09 342	 0. 0.000007.0 3,4 27..4 -2.. 29.
	
'.0.	 243 .. 3.90	 0. 0.06000
7.0 *17.3-. 70	 7,.	 14.	 -0,'	 3.02	 3.1*	 .1.	 0.0094108.8 *44.9	 11.2 .10.	 •*. . 0,	 3.14	 3.27	 0.	 0.00000
S, 163.5	 27.5 -12., .16.	 0.	 3.20	 3.41	 0.	 0.00000
8,0 174.5 42.1	 14. •29.	 0.	 3.41	 344	 0. 5.00000
9.0 1S3.2 55.1 -15. -41.
	
0.	 343 '3.46	 5, 0.00000
9.0 159.7 66.4 -16. S1.
	
0,	 335 3,77	 5, .0.00001
9.0 194.9 76.2 -16.
	 1.: 0.	 3.76 . 3.06	 0, .0.00001
10.0 199.1	 64.5 16 . -49.	 4	 ;, ..,.vvuUt
3.; rn ' .* P1.4 16, -74,-	 0.	 344 4.02	 0. .4.00001
	
10,0205.1 96.9 16. .82.
	
0.	 4.01 4.08
	
5, .4.00001
	
.11.0 207.1 *01.2 •15. *07. . 0.	 4.07 4.13	 0. .4,00001
	
11.8 ZOI.S '104.3 •14. .90.	 I,	 442 4.17	 • .0.00001
	
11.0 209.4 . 105.9 •13. .03.	 0.	 4.16 4.19	 5• .4.50001
Model OUtput
IV T36. Air18 Talab
5.50 3.0 3.40 .3,2 4.50
5.90 3.0 3.50 3.4 4.50
3.1 3.60 1.6 4.40
5.80 3.1 3.60 3.1 4.60
5.80 3.2 3.50 3.6 5.00
6.00 3.1 1.60 .3.9 4.80
5.70 3,3 3.60 4.41 4.50
5.oO 3.3 3.50 4.0 4.30
5.4) 3.3 3.40 4.1 4.10
5.30 3.3 3.30 4.1 3.90
5.30 3.4 3.30 4.1 4.10
5.40 3.4 3.20 4.1 4.09
4.90 3.4 3.00 4.1 3.70
4.70 3.5 3.00 4.2 3.40
4.40 3.4 2 • 80 4.2 3.30
4.50 3.6 2.60 4.2 230
4.20 3.6 2.50 4.1 2.50
3.50 3.5 2.20 4.1 2.10
330 3.6 2.20 4.0 2.00
3.20 3.4 2.10 3.9 1.40
3.40 3.6 2.10 3.9 1.80
3.40 3.7 2.10 3,6 1.90
3.10 3.7 2.10 3.8 1.80
3.10 3.7 2 • 20 .1.7 2,00
3.20 3.7 2.00 3.7 1.50
1.00 1.8 2.30 3.8 1.90
2.70 3.4 2.00 3.' 1.50
2..0 3.6 2.10 3.5 1.50
2.40 3.7 2.20 3.6 1.4o
2.70 33 2.0 .1.5 1.00
2.70 3.3 2 • 30 3.5 1.00
2.00 3.7 2.40 3.5 1.80
2.70 3.7 2.20 3.4 1.74)
2.50 3.7 2.10 3., 1.60
2.5.0 3.7 2.10 3.4 1.00
2.50 . 3.5 2.30 3.J £ .bO
2.40 3.6 2.10 3.3 1.54
2.40 3.4 2.30 3.2 1.40
2.50 33 2.20 3.3 1.50
2.50 3.o 2.10 3.2 1.7u
3,50 3,7 2 • 30 33 1.70
240 33 2.40 1.0 1.80
2.20 3.4 2.30 2.9 1 • 30
2.20 3.3 2.20 2.9 1.40
2.20 3.3 2,10 3.2 1.50
2,50 3,4 2.40 3.1 1.10
5.50 3.6 2.40 3.1 1.50
2.50 3.4 2.40 3.1 1.60
2.50 3.4 .2.50 3.1 1.90
240 3.6 2,40 3.1 1.90
3.60 3.6 2.80 39 2.00
2.30 1.3 2.60 2.0 1.60
2.40 3.3 2.40 2.9 1,80
2.40 3,3 23. a., 1.70
3.40 -3,3 2.50 2.9 1.80
2.40 3.3 3..Q .1.0 1.90
3.40- -3.3 33, ).1 1.00
2.40 3.5 2.70 .3.1 1.90
2,40 34 3.75 3.0- 2.10
2.60 34 2.00
2.70 3.5 3.70 34 3.10
2.80 3.4 3.40 3.1 2.10
3.50 3.4 3.70 I.e 2.30
3.10 1.4 3.70 3.1 2.00
3.40 3.1 2.70 1.2 3.40
3.70 2.6 -** £.:t 2e'
3.90 3.4 3.60 14 3.30
4.20 3,4-1.30 I.s 33u
5.3, 3.4 3.20 3.1 4.00
S.00 3.4 3.20 3.4 4.25
5.46 '3.4 1,20 34 4.40
3.5 3,30 1.4 4.75
Actual.
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300
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180
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120
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-30
-60
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TEMPERATURE 'C
ACTUAL VERSUS PREDICTED SUB ROAD TEMPERATURE
PREDICTED 36cm	 ____ PREDICTED 18cm
____ ACTUAL 36cm 	 ____ ACTUAL 18cm
-7
-10
0	 12	 14	 6	 18 20 22
NOON
	 MIDNIGHT
	
TIME IN HOURS
08-10 FEBRUARY 1979
20
19
18
17
18
15
14
13
12
ii
10
8
8
7
8
5
4
3
2
I
0
-i
-2
-3
-4
-
10-02-79
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TO T36 Air 18
5.70 3.4 3.20 340 .4.60
5.30 3.5 3.20 3.70 4.50
5.10- 3.0 2.90 3.40 4.00
5.90 3.53.20.4.004.60
.5.20 3.5 3.00 3.904.3d
4.40 3.5 2.90 3.bu3.70
3.90 3.3 2.30 3.90 2.90
3.50 3.3 4.30 3.0 2,40
3.20 3.4 2.30 3.90 2.30
3.30 3.6 2.40 3.90 2.50
.3.30 3.6 2.40 3.Ov 3.40
3.10 3.6 2.36 3.80 2.20
.90 3,6 2.2Ô 3.70 2.00
2.80 3.7 2.10 . 3.70 I4o
2.70 3.7 210 3.00 1.40
2.0 3.5 2.00 3.50 $.7u
2.40 3.6 1.90 3.40 1.40
2.30 3.o 1.90 3.40 1.40
2.40 3.4 1.90 3.3u 1.60
2.40 3.7 2.10 3.40 1.60
2.30 1.6 2.20 3.30 1.50
2.30-3.6 2.20 3,au 1.So
2.30 3.6 2.20 3.30 1.10
2.40 3.72.30 3.20 1.aO
2.30 3.6 2.40 3.20 1.60
2.30 3.b 2.50 3.20 1.90
2.,0 3.7 2.50 3.ao 1.00
2.20 3.5 2.40 3.00 1.50
2.20 3.5 2.50 3.00 1.0
2.io 3.5 2.30 1.00 1.0
1.9u 3.5 2.10 .1.00 1.30
1.10 3.5 2.00 .00 1.00
1.90 3.6 2.00 2.90 1.1u
1.40 .2.5 1.90 2.90 0.Nu
'1.50 3.5 2.00 2.80 0.90
1.70 .2.5 2.11 2.00 1.lu
1.70 3.4 2.10 2.90 1.00
1.70 3.4 2.20 2.o0 1.lu
1,00 3.5 2.30 2.410 1.20
1.10 3.5 2,20 2.70 1.0u
1.Ou 3.5 2.40 2.70 1.2u
1.40 3.5 2.30 2,70 1.20
1.70 3.4 2.20 2.70 1.20
1.7Q 3.42.20 2.10 1.iv
1.00 3.4 2.20 2.70 1.30
L.OU 3.4 2.20 4.70 1.30
1.80 3.4 2.20 2.10 1.lv
1.70 3.4 2.20 2,60 1.30
1.00 3.2 2.00 2.50 1.20
1.uO 3,2 2.00 2.50 1.2u
1.44 3.2 2,00 2.40 3.30
1.50 3.1 1.90 2.40 1.00
1.o 3.1 I.' 2.40 1.10
1.bO 3.1 1.10 2.50 J.lo
.1.7w 3.3 3.00 2.50 1.30
1.70 3.2 2.00 2.50 1.2u
1.70 3.22.00 2.50 I.3u
1.70 3.4 lM0 2.50 2.30
1,70 3.2 140 2.50 1.36
1.70 3.2 1.00 2.50 1.20
2.80 3.2 1.60 2.50 1.241
440 3.2 1.50 2.60 1.20
1.50 33 1.80 2.50 1.24
1.10 3.1 140 2.50 1.2o
2.06 3.2 2.00 2.40 2.30
2.10 34 2.00 2.50 1.40
2.36 3.1 2.20 2.40 1.90
'.,o .1U 2;oU
2.70 3.2 2.30 2.40 2.10
2.44 3• 2.00 2.40 2.70
2.902,9 2.10 2.40 3.00
3.90 ?.I 4.20 2.70 2.30
Actuall
RI
0.00002
0.00002
0,00002
0.00002
0.00002
0.00002
9.00002
0.00003
0.00003
0,00002
0.u0000
0.000000.oUuoo
0.00000
0.90000
0.00000
0.O0u0e
0.00000
0.OUuOU
0.00006
0.004041
0.006uv
0 .000uo
0,0000u
0.0004U
0 .00000
U.OuuOO
0.00000
0.0000u
0.000uO
0,00000
0.00000
0.00000
0.00004
0.00000
0.00000
0.00001
0,0000 1
0.0000 1
0.40001
0.00001
0.OooOl
1.00001
0.00001
0.00001
0.00001
0.00001
0.00001.
0.00401
0.00001
0.00001
0.00001
0.00001
0.00000
0.0000I
0.00001
0.00001
0.00000
0.004100
0.00000
-0s004i01
0.00001
'0,004141
0.000411
-0.00002
-0.00002
-0.00002
'0 • 00403
-0,00002
-. .964102
• .nt wj unant*
SA7. YAP. PRl.5SWECMN1 	 7.47
VAPOUR	 PRESSUME(MB)u 4,93
REI. KUNIDITI flACtIOI •. 0.46
APPROX. PRECIP. WATER(MM) R 9.0
ROAD DAMPING DEPXH(CM) . : ;. . 72.
AIR DAMPING DEPTH(CM)f -	 4020. . 3903.
AIR NEAT TRAN8UR CO?.(CG6)a. - 0.00557 . 0.00520
K	 Tió flS	 : UA	 0	 TIME WET
Q9072766276.9• , .5v71019.1021. 	 0.5	 13
OUN	 RN	 £ ....-' LE	 . To
(ALL LI./NI$.)
	09.7 105,9	 '0. •-99. ' 0.	 5.70
	
09.4 105,3	 -7.	 90. .0. .5.06
	
00.6 103.5	 -7.; •97. . .0.	 .4.74
	
07.2 105.1	 04. -S0.-270.. r 3.47
	
05.2 101.3	 56. .99. -256..	 2.72
	
02.6	 95.9	 46. .1o7. : .249.	 2.29
	
99.2 . $9.0 . 42.. 114.. -244. 	 2.04
	
95.0	 80.7	 39.. 10..-240. I 1.87
	
8.9.9. 71.0 . 37. 127. 235 .	 1.75
	
03.4	 59.4	 44. .93. '196,	 1,55
	
75.1	 43.4 -23. -21.
	
0.	 2.16
	
63.9 28.4 -4. -25.	 0.	 2.49
	
47.6	 12.2	 4. -17.	 0.	 2.60
	
19.7	 -6.0	 10.	 .5.	 0.	 2.58
	
43,9 -26.5	 16,. 19.	 0.	 .2.49
	
0.0 -32.2	 15. - 16.	 0.	 2.39
9.0 -32,2 . 13.	 IS. -	 0.	 2.33
	0.0 -32.3	 13.	 1.	 0,	 2.30
	
0.0 -30.9	 9.	 21.	 0.	 2.32
	
0.0 -30,9	 9.	 21.	 0.	 2.33
	
0.0 -30,9	 9.	 21.	 0.	 2.33
	
0.0	 30.9	 .	 .21. :
	
0. . 2.33
	
0.0 -30.9	 9	 .22. . 0,	 2.33
	
0.0 -30.9	 9. 22.	 0, . 243
0.0 -30.9 S 0.	 22.	 0.	 2.33
	
0,0 -30.9	 8.	 22.	 0.	 2.33
	
0.0. -30.9	 8,	 22.	 0.	 2.33
	
0.0 -30.9	 8.	 22.	 0.	 2.33
	
21.0	 0.0 -30.9 . 8.	 22	 0.
	
21.0	 0.0 -30.9	 I.	 23	 0,
	
22.0	 0.0 -30.9	 S.	 23	 0.
	
22.0	 0.0 -30.9	 7.	 23	 0.
	
22.0	 0.0 -30.9	 7.	 23	 0.
	
23.0	 0.0 -30.9	 7.	 23	 0.
	
23.0	 0.0 -30.9 . 7.	 23	 0.
	
23.0 0.0 -30.9	 7.	 23	 0.
	
0.0	 0.0	 30.8	 10.	 20	 0,
	
0.0	 0.0 .30.9	 10.	 21.	 0.
	
0.0 0.0 -300	 9.	 21	 9.
	
1.0	 0.0 -30.0	 9.	 21	 0.
	
1.0	 0.0 '30.5	 9.	 21	 0.
	
1.0	 0.0 -30.S	 S.	 22	 0.
	
2.0	 0.0 '30.?	 •.	 22	 0.
	
2.0	 0.0 -30.7	 5.	 22 - . 0.
	
2.0	 0.0 -30.7	 9.	 22	 0.
	
3.0	 0.0 -30.1	 0.	 22	 ' 0.
	
3.0	 0.0 -30.7	 . 5.	 22	 0,
	
3.0	 0.0 .. -30.7 .	 5.	 22	 0.
	
4.0	 0.0 -30,7	 S.	 22	 0.
	
4.0 0.0 -30.7	 S.	 22	 0.
	
4.0	 0.0 -30.7	 s.	 22	 0,
	
5.0 0.0 -30.7	 9.	 22	 0.
	
5.0	 0.0 -30.7	 0.	 22	 0.
	
5.0	 0.0 -30,7	 8. .23	 0.
	
.6.0	 0.0 -30.2 .20.'	 19	 0.
	
6.0 0•0 39.2	 9. 20	 0.
	
6.0	 0.0 -30.2	 9.	 20.' ':0,
	
7.0	 0.0 -30.2	 9.	 21i- .0.
	
7.0 51.1 -23,2	 6. :16 :. 0,
	
7.0 121.1	 -2.7	 0.	 .2.: - 0,
	
1.0 148.9	 15.4. .5	 -11.0.
	
9.0 164.9	 31.5	 .9. -24	 .0.
	
9.0 175.9	 46.0 -10. -34	 - 0.
	
9.0 144.0 50.5 -12. -4$	 0.
	
9.0 190.5 70.1 -13. -59	 0.
	
9.0 195.6	 19.1 -I4	 .44...
	10.0 199.8	 59.0 -14. ' . 14.'	 0.
	
..;..	 ps.. '&41 . 4A
	10.0 205.7 100.) - .14. 'St	 0,
	
11.0 207.7 104.5. -'14. -91	 0
	
11.0 209.1 107,4	 13. •'S	 . 0.
	
11.0 200,9 109.2 . 12. '9$	 0,
Model tput
DEC
q14. 136
TIME
12.0 2
12.0 2
12.0 2
13.0 2
13.0 2
.13.0 2
14.0 1
14.0 1
14.0 1
15.0 1
15.0 1
15.0- 1
16.0' 1
16.0 1
16.0
17.0
17.0
17.0
10.0
10.0
10.0
19.0
19.0 -
19.0
20.0
20.0
20.0
21.0'
TC	 SUM
(i.)
4.43	 1.
4.43	 0.
4.41 0.
2.20 -270.
1.97 -526.
1.87 -775.
1.79 -1020.
1.71 -1259.
1.62 -1494.
.1.35 -1690.
2.77 -1690.
2.81 '1690.
2.72-1690.
.2.56 -1690.
2.37 -1690.
2.30 -1690.
2.25 -1690.
2.27 -1690,
2.33 -1690.
2.34 -1690.
2.34 .1690.
2.34 1b90,
2.33 -1699.
2.33 -1690,
2.33 -1690.
2.33 -1490.
2.32 -1690.
2.32 1690.
	
2.32	 2.32 '1690.
	
2,32	 2.32 -1690.
	
2.32	 2.32 -1690.
	
2.32	 2.32 .1690.
	
2.32	 2.32 1b90.
	
2.32	 2.32 -1690.
	
2,32	 2.32-1690.
2.32 .2.31 -1690.
	
.27	 2.23 -1690.
	
'2.25	 2.22 -1690.
	
•' :2.23	 2.21 -1690.
	
• 2.22	 2.21 -160.
	
:2.21	 2.21 .1690,
2.21 -1690,
	
,2.21	 2.20 .1690.fe.2t 2.20 .1490.
Ji.20 2.20 -1690.
	
..20	 2.20 -1690,
!2.2O 2.20 -1690.
.20 2.20 -1690.
2.20 2.20 -1690.
2.20-1690.
	
-12.20	 2.20 -1690.
	
).2.2o	 2.20 .1690.
2.19 -16941.
2.19 .1490.
'2.10 243 -16O.
244 2.13 -1690.
	
52.13	 2.12-1490.
•	 )2.13	 2.t2 -1490.
	
•2.15	 2.19 .1690.
-	 2.25	 2.36 '1690..
t2.40 2.54 '1690.
2.5s 2.71 -1490.
	
T12.71	 2.17 -160.
•	 '2.84	 3.02 -1b90.
	
3.01	 3.15 .1690.
j343 3.26 1490.
	
!. 3.2S	 3.37 -1490.
S. ' D 4.49 '1690.
	3 	 3.53 -1690.
	
r3.52	 3.59 -169.0.
3.4 1490.
, lo-02-79:
- 334
- 335 -
FLUX
300.,
270.,
240..
210..
180..
150..
IN MLY/MIN GRAPH OF TERMS IN HEAT BALANCE EQUATION
KEY_.....LE _RN _S ..._H
120
90
80
30
0
-30
-80
-eo
-120..
-150..
-180.
-210..
-240..
-2704
-3004-
0	 2
I	 I•	 I	 I.?	 I	 I	 •I	 t•	 I	 I1	 I	 I	 I	 I	 I	 I	 I	 •I-•I
4	 6	 8	 10	 12	 14	 16	 18 20 22 24
TIME IN HOURS
TEMPERATURE 'C
20., ACTUAL VERSUS PREDICTED SUB ROAD TEMPERATURE
19 .4 	- -	 - -
18...
17.. _..PREDICTED 36cm	 .....__PREDICTED 18cm
18..
15..
14..	 - ACTUAL 36cm	 ____ ACTUAL 18cm
13..
12..
1i_
10..
9-
8..
7-
B..
5-
____	
-
2
1..
0
-1..
-2..
-4..
-5-
-6..
-7-
I	 I	 I	 •t	 0 '	 2 '	 14'	 6 l
NOON	 MIDNIGHT	 TIME IN HOURS
10-11 FEBRUARY 1979
11-02-79
- 336 -
Mi
-0,00004
-0.00004
-0.00004
-O.OoeO4
-0.00003
"0.00003
-0.00003
-0.00003
-0.00003
-0.00002
-0.00002
-0.00001
-0.00001
0.00000
0.00000
0.00000
0.0000 1
o • 00001
0.00004
0.00000
0.00040
0.00001
0.00001
0.00001
0.00002
0.00003
0.00003
0.00003
O.O0003
0.00003
0.00003
0.00004
0,00004
0.00004
0.00004
0.00004
0.00010
0.00011
0.00011
0.00012
0.00012
0.000 12
4,00012
0.00013
0.0u013
0.00013
0.00013
0.00413
0.00413
0,40014
0.00044
0.00014
0.00014'
8,00014
0.00015
0.004119
0.00011
0.00011
0.00009
0,00904
0.00001
-0.00004
-0.09910
-0.00014
-0,04010
0.99921
-0.041025
-0.00027
-0.04043
0.0004,
-0.00053
-0.00015
2OT36Air 1&Ts1ab
3.30 3.1 2.50 2.70 2.90
3.40 3.1 2.40 2.410 2.59
3.60 3.1 2.50 2.80 2.50
3.40 3.,1 2.50 2,90 2.50
3.40 3.1 2.40 2.90 2.$u
3.40 3.1 2.40 3.00 2.0
3.50 3.1 2.30 3.00 2.40
3.40 3.1 2.40 3.00 2.0
3.40 3.2 2.30 310 2.30
.3.30 3.2 2.40 3.10 2.40
3.30 3.2 2.50 3.10 2.30
3.40 3,2 2.70 1.10 2.70
3.30 3.2 2.70 . 3.10 ' 2.40
3.40 3.3 2.80 3.30 2.50
3.30 3.2 2.70 3.20 2.30
3.20 3.2 2.60 3.20 . 3.10
3.20 3.3 2.70 3.20
3.20 3.3 2.70 3.20 2.20
3.00 3.2 2.60 3.20 1.90
3.00 3.3' 2,50 '3.20 2.00
2.80 3.1 '2.40 3.00 '1.70
2.44 3,0 2,14 3.00 1.30
2.30 3.1 '1.90 2.90 1.30
2.20 3.3 .1.90 3.10 ' 1.20
2.30 1,4 2.10 3.10 1.30
2.30 3.4 2.20 3.10 . 1.40.
2.40 3.3 2.40 3.00 1.50
2.30 3.3 23O 3.00 1.44
2.30 3,3 2.10 3.00 1.40
'2.30 3.3 2.10 3.00 1.40
2.20 3.3 2,002,90 1.40
2.20 3.3 2.00 2.90 2.30
2.20 3.3 1.90 2.9v 1.39
2.20 3.3 2.00 2.80 1.40
2.20 3.3 1.90 2.410 1.40
2.20 3.3 1.90 2.410 1.49
2.20 3.3 1.90 2.80 1.4v
2.10 3.3 1.902,80 1.30
2.10 .3.3 1.80 2.80 1.20
1.90 3.3 1.00 2.90 1.2-0
1.70 1.3 1.60 2.410 1.00
1.40 3.1 1.40 2.410 0.40
1.49 4.) 1.30 2.70 (1.00,
1.40 3.2 1.30 2.70 41.70
1.40 4.0 1.20 2.40 0.70
1.00 3.0.0.80 2.40 - 0.40
0,410 3.0 0.00 2.30 0.40
0.70 1.2 0,80 2.50 0.50
0,410 3,2 1.04 2.50 0.60
1.00 3.2 1.00 2.40 0'.lo
1.18 3,0 0.90 2.20 : 0.70
0.80 3,00.60 2.10 0.50
1,002.5 C,70 2.10 0.50
0.40 3,1 0.10 2.20 .0.10
1.10 3.2 9.90 2.30 .9.70
'1.40 3.1 '0.10 2.30 0.80
.1.40 3.0 4,90 2.20. -0.40
.1.30 3.0 0.89 2.20. 0.40..
1.40 3.00.80 240 :9.34
1.541 1.0 0.70 2.20 0.50
'1.50 2.9 0.70 .1u (1.60
1.50 2.9 0.80 4,20 ' 0.50
1.40 3. 0,10 2.30 74
2.70 2.9 0,40 2.20 8.4141
1.40 2.9 4.40 2.20 0.50
(.49).	 3.2
1.54 2.9 0.60 2.30 8.50
1.441 2.9 0,40 2.40 8.60
1.441 2.6 0.10 2.19 9.90
2.10 2.9 100 2.30 W.7U
2,40 1,0 1.10 2.30 1.90
2.4. 3.0 1,10 2.441 0.410
Model (tpit .
•CUMPUTED UATA**•
SAT. VA?. PRESSURE(148)5 •7.24
VAPOUR - PRESSURECMO). 5.9$
REb,NUNjDI-TTVRACtION'f 0.82
APPROX. PRECIP. WATEk(MM)a 9.5
ROAD DAMPING DEPTHtCH)*'	 72.
AiR OAMPING DEPTN(CM)a '	3623.	 2211.
	
AIR HEAT ' TRANSFER C0Er.CCC5) 	 0.00461 0.00190 V
DEC	 R	 'T36 TIl 23:.
	
0	 TIME WET
.13.106	 0.907276.3275.9 V.3•3 16$. 296. 	 0.5	 20
SOlAR SUN RN'	 S	 H -	 bE	 TO	 TC	 SUM
TIME	 (ALL MLT.ININ',) :
	
cC.)
12,0 210.2 109.6 , 15. -96.,	0.	 3.30	 4.19	 1.
'120 209.9 109.0 -15. -94,'	 0.	 3.74	 4.18	 0,
12.0 .209.1 101.2	 15. -93.	 0.	 3.95	 4.17	 0.
13.0 207.7 104.3 .14, -91,	 ":0,	 4.05 V 414	 0.
13.0 205.1 100.1 -12. •l9.	 0.	 4.07	 4.1.0	 0.
13.0 203,2	 94.6 -10, -'.•:
	
0.	 4.06	 4.04	 .
14.0 . 199 . 9	$7.1	 -8, .80.. .9.	 4.01	 3.97	 0.
14.0 195.7 ' 79.6	 -6. , -7.4.	 0.	 , 3.95	 3.88	 0.
14.0190.6	 69.9 -3, -6$,.	 0.	 3,16	 3,7s	 0,
15.0 114.3	 59.3 ' -5. -55.	 .0.	 3,12	 3.79	 0.
15.0 1.76.1	 46.5	 -1... .47.	 0,	 3.74	 3.66	 0.
15.0 165.3	 32.1	 4. .36.	 0,	 3.63	 3,51 . ' 0.
16.0 149.6	 16,0	 . -25. ' 0,	 3.48	 3.33	 0.
16.0 122.5	 -1.9	 12. •1,1	 9	 3.30	 3.13	 0.
16.0 . 55.3 -22.2	 7. ' 4,,	 0, . 3,10	 2.90	 0.
17.0	 0.0 -29.1	 17.: 12. ' 0,	 '2.94	 2.77	 0.
17.0	 0.0 -29.7	 14.	 15. ,	 0, ,	 2.14	 '2.74	 0.,
17.0	 0,0 -29,7	 13. .16	 :Q	 2.78	 2.71	 0,
18,0	 0,0 .30,8	 2S : S. . 0,	 . 2.58	 2.38	 0.
18.0	 0.0 -30.6 ' .20. , 10. 	 ,0.	 2.45 -2.32	 0.
11.0	 0,0 !30.6	 IS.	 12.	 0.	 2.37	 2.29	 0.
19.0	 0.0 -30.5 , 17.
	
13. . "O,. ,
 . 2.32 .2.26
	
0.
'19.0	 0.0 -30.5	 16.., 14..	 .0, . 2.2.1	 2.25	 0.
19.0 ' 0.0 -30.5	 15.	 15..	 0. '	 2.26 . 2,24	 0.
20.0	 0.0 -28,6	 51. .75,:-97,	 1.50	 1.33	 -97.
.20.0	 0.0 -28.4	 39.	 12w . .-92.	 1.51. '1.23 -489.
20.0	 0.0 -28.3	 34.	 $5.' -90,	 1.35 ' 1.1, -280.
21.0	 0.0 -28.3 . 31.	 56.' $9.	 .1.26 '1.16 .369.
21.0	 0.0 -28.2	 29. :lU	 -$5,	 1,20	 1.14 -457.
21,0	 0.0 -28,2	 27.	 $9. -57.	 1.16	 1.13 -544.
22.0	 0.0 -28.2	 25.	 89. -57.	 1.14	 1.13 '-631.
22.0	 0.0 -28.3	 24. . 90. .-S6.	 1.12	 1.10 -717.
22.0	 0.0 -28.1	 23.	 91	 -$6.	 1.11	 1.09 -803.'
23.0	 0.0 -28,1 . 22.	 9.	 .1.10	 1.0	 -$418.
23.0	 0.0 -28.1 .21.	 92.	 15,	 1.09	 1.0$ -973.
23.0	 0.0 -28.1 . . 20.	 92. ; , S5,	 1.0$ , 1.07 -105$.
0.0 0.0 '26.1
	
25.	 14. • -U,	 1,00 0.92 -1069,
0.0	 0.0 -28.1	 34.	 15. .10, . 0.94 . 0.88 .1079.
0.0	 0.0 -28.0 . 23... 15. : 10 	 0.90	 0.16 .1089.
1.0 '0.0. -28,0' 22,. 16.. , .10.	 0.87	 0.05 -1099.
1.0 . 0.0 -28.0 	 21,	 .16.. -9,	 0.85	 0.S3 '.1105,
1.0 ' 0.0 -27,9 .21,
	
16.. ,:9.
	 0.14	 0,82 .1111.
2.0	 0.0 -27.9	 20.	 17. '9.	 0.82 ' 0.81 .1126.
2.0	 0.0. .21.9 : 30,	 17. -9. . 0.81	 4.80 .1135.
2.0	 0.0 -27.9 ' 19.	 17. •.S,	 0.80 '0.79 -1143.
3.0 . 0.0 . -7.9. .19. "17.	 •S.	 0.79	 0,78 .1151.
3.0	 0.9 •27,S	 18.	 15. . $.	 0.78	 0.77 -1140,
3,0	 0.0 -27.8. 15.	 II.' , -0.	 1.7$	 0.77 .1168.
4.0	 0.0 -27.8	 15.	 18.	 -8.	 1.77	 0.76 .1176,
4.0	 0.0 -27.8	 17.	 1$ :'
	
0,76	 0.14 .1183.
4.0	 0.0 -27.8	 17. .18.	 .	 0,76 ' 0,75 119I,
5.0	 0.0 -27.1 ' 17.
	 19.	 •S.'	 0.75	 0.74 -1199,
5.0	 0.0 -27.8	 17.' 49,	 $,	 0.74 0.14 -1206.
5.0	 lEO -27,8	 14. ..l'.! -7. , '.0.74 	 0.73 1214.
6.0	 0.0 -28.3	 34., 13. ' .4..	 0,44	 0,55 .3232,.
4.0	 0.0 .28.2 , 22. ,	. '0.58 '0.51 -1230.
6.6 ' , O.O -21.1	 21'.. %. ''7,' :0,53	 0.49 -1231,
7.0	 0.0" 
-21,1.:	 -'7	 .0.50 .0,41.1244,
7.0 41.8 -19.2 .- 16, 	 12, :''•'	 0.53	 6.57 .1283.
7.0 .124.7;	 1.0	 7. . 6. :i13	 , 9,67	 0.81 1267.
S.0 150.9	 18.9 ' o.	 •1.'' ,.lS.	 .9.84	 1.06 -1255.
5.0 146.2 34$	 4,	 -7. -23.	 1,08	 1.29 -1308,
5.0 176.9 49.1	 .8,	 14. .27.	 1,30	 1.52 -1334.
9.0 184.9	 41.8- -11.. -1,
	
.31.. '1.51	 1.71 -1367.
9.0 191.2	 72.8 -13. .24.'-3S. 	 •$.70	 1.90 -1402.
9.0 494,3	 82,4' 14, .29.. !39 	 . 1.81. 2.07 .1441.
I.& fl*a	 *' .•	 • -.,,	 g,ô4	 3,35 14S4.
10.0 203.7	 97.2' .14 •37."•45, :2.21	 2.34 -152,
10.0 204.3 101.1 -44, .55. 	 0, ,. 2.65 . 3.14 -1529.
11.0 208.2 104.8 '-40. -64. ,. --0.	 3.05	 3.43 .1529.
11.0 209.6 . 107.1 -37. . 7 1 .	 So	 3.33	 3.61 •1$2,
11.0 216.4 io,• -3$. ?7$.	 0.	 3.64 3.75 -1529,
- 337
- 338 -
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300.,	 -	 ___
27O KEY _LE _RN _S _H
240J
2104
IBOJ
150..
120.4
—-
-120J
-aso..J
-1BOJ
-300	 1-i----i----r----i-r--1--r-rrr1rr -r------r-r-ii-- i	 u-
	
0	 2	 4	 6	 8	 10	 12	 14	 16	 18	 20	 22	 24
TIME IN HOURS
TEMPERATURE 'C
ACTUAL VERSUS PREDICTED SUB ROAD TEMPERATURE
PREDICTED 36cm	 PREDICTED 18cm
____ ACTUAL 38cm
	
ACTUAL 18cm
20
19
18
17
15
14
11.4
10
91
61
44
3
2
LI
0-i
-Li
2'- _I
-4
-5
-1
-7
-8
-9
-10
0
NOON
--v--------------v----r--r --------ri 	 r1Tr------------------------TtI
4	 6	 8	 10	 12	 14	 16	 18	 20	 22	 24
MIDNIGHT	 TIME IN HOURS
11-12 FEBRUARY 1979
ii
-
/
t"' ,vr
_ 4a1
— —
_l_v.,	 qj4
• r.	 -
I-
I
-.4.
I.
..;	
Ji
I
12-02-79
- 339 -
18.
17.
1..
16.
16.
lb.
Is.
15.
-2.
2.
3.
4.
5.
5.
5.
6.
6,
6.
4.
7.
7.
7.
7.
7.
7.
7.
.47
-34.
'20.
-24.
-26.
•32.
'35.
-37.
-38.
-39.
.39.
-39.
.30.
-30.
-37.
36.
-34.
-33.
16.
16.
17.
11.
17..
17.
17.
18.
28.
25.
25.
24.
24.
• 23.
23.
.23.
23.
23.
23.
23.
23.
22.
22.
22.
22.
22.
47.
40.
36.
35.
30.
22.
14.
6.
0.
-7.
-12.
-17.
-2k.
-29.
-32.
-34.
-36.
-6.
-6.
-6.
'6,
6'
-6,
-5.
-5.
1.
0.
-1.
-1.
-2.
-2,
-2,
-2.
-2.
-2,
-2.
-2.
-2.
-2.
-2.
--2,
-2.
25.
19.
16.
15.
11.
4.
.3.
-9.
•1%.
.20.
-26.
-30.
-'4.
-30.
-41.
.43.
-45.
-47.
1.03
1.02
1.01
1.00
0 • 99
0.98
0.97
0,97
1.17
1.30
1.38
1.43
1.46
1.40
1.49
1.50
1.51
1.51
1.52
1.52
1.52
1.53
1.53
1.53
1.53
1.54
2.20
2.64
2 • 92
3.0$
3.24
3 • 45
3.6$
3.91
4.13
4.34
4.54
4.71
4 Ri
5.01
5.13
5.24
5.33
5.40
U .0022u
TIME WET
12
SUM	 MI
-Sb.
-57.
-114.
-110.
-225.
-276.
-330.
-3,9,
-425.
-468.
-506.
-541.
-510.
-595.
-614.
-629.
-643.
-656,
-666,
-675.
-664.
-692,
-700.
-108,
-715.
-722.
-129.
-735.
-741.
-748.
-753.
-'59.
-765.
-771.
-776.
-781,
-780,
-780.
-781.
-782.
-783.
-185.
-707.
-788.
-790,
-792,
-795.
-797.
-799.
-801.
-804,
-806,
-899.
-611.
-786.
-767.
-751.
-736.
-725.
-721.
-723.
-732.
-747.
-761.
-793.
-023.
-"5.
-93'.
-979.
-1024.
-1074.
-U • 00051
-0.00052
-0.00051
-0.OUuSu
-0.00048
-0.00046
-0.00044
-0 • 1)0040
-0.00u30
-0.00029
-u • 00024
-0.001111
-U • OUO 10
-0.00002
0.000U7
0.1)0013
0.4)0015
0. 000 17
0.00013
O • 00015
0.U1)ulS
0.000 10
0 .000 17
0.00017
O • 00018
0.00018
0.00019
0.0(1019
0.00020
0.00020
0.00020
0.00020
0.00021
0.00021
0.00021
0. 0002 1
0.00013
0. 000 12
0 .00011
0. 000 11
0.00011
0.00011
0.00011
0.004)11
0.00010
0 .000 10
0.00010
0.00010
0.00010
0.00010
0.000 10
0 .00010
v.00010
0.00010
0,00u21
0.00010
0.00017
0.000lb
0.00013
0.00010
0.00008
0.00003
0 ,v0000
-0.UvUO3
-0.00004
-0.00008
-0.00012
-0.00013
-0.00014
-0.00015
-e • 1)0018
.T36..Air T18 Tslab
l.8u 2.9 1.00 2.40 1.00
2.90 3.0 1.10 2.50 1.4.)
3.20 4.9 1.10 2.4.0 2 • 00
3.60 2.9 1.50 2.60 2.9u
4.20 3.0 1.50 2.10 2.80
4.40 3.0 1.80 2.lu 4.lu
4.Lu 2.9 1.óa 2.9u 3.80
4.10 3.0 1.óO 3.uO 3.2.'
3.70 3.0 1.40 3.00 3.Iu
3.40 2.9 1.Su i.1v 2 • 90
3,40 3.0 L.0 3.1u 2.80
3.30 3,0 1.90 3.20 2. 7o
3.20 3.1 1.60 3.io 2.8.'
3.00 3.2 1.90 3.0 4.50
2.90 3.2 2.00 3.10 2.3u
2.70 3.2 1.bu 3.20
2.ou 3.1 1.50 3.lu
2.50 3.2 1.30 3.10 1.60
2.50 3.2 1.40 3.00 1.00
2.40 3.2 4.40 3.00 1.7v
2.40 3.2 1.Sii 3.60 1.00
2.40 3.2 1.50 2.v 1.7u
2.50 3.2 1.61 2.50 1.lu
2.oU 2.8 1.2u 4.80 1.40
2.40 3.1 1.5u 2.80 1 • 7',
2.30 3.1 1.30 4.80 1.40
2.30 3.1 1.40 2.80 1.60
2.i0 3.1 1.50 2.du 1 ..0
2.40 3.1 1.60 2.90 1.10
2.40 3.2 1.oO 2.70 1.lv
2.30 3.1 1.60 2.70
2.20 3.1 1.40 2.7o 1.Su
2.30 3.1 1.40 4.60 1.50
2.40 3.2 1..') 2.80 1.60
2.30 3.1 1.50 4.8') 1.6.'
2.40 3.2 1.60 4.70 1.7.'
2.30 3.1 1.70 2.70 1.ou
2.30 3.1 1.70 2.60 * .00
2.30 3.1 1.80 2.oO 1.50
2.30 3.1 1.80 2.70 1.50
2.30 3.1 1.Ou 2.lu 1 • S.)
2.3u 3.1 1,90 2.00 1.5.'
2.10 2,9 1.70 2.bu 1.40
2.10 2.9 1.70 2.50 1.40
2.20 2.9 19O 2.80 1.50
2.40 3.1 2.20 t.0 I .lu
2.60 3.2 2.30 2.60 1.80
2.60 3.2 2.40 2..0 i.9u
2.60 3.1 2.40 2.80 2.vO
2.o0 3.1 2.40 2.60 1.80
2.60 3.1 2.40 2.bu 1.90
.40 2.9 2.20 2.01) 1.1*.
2.50 2.9 2.30 2.40 1.80
2.50 2.9 2.241 2.80 1.80
2.00 3.1 2.50 2.90 2.00
2.90 3.2 2.50 2.90 2 • 20
3.00 3.2 2.60 2.90 2.10
3.Ov 3.2 3.70 3.Ou 2.40
3.10 3.2 2.80 .*.uu 2.40
3.20 3.2 3.00 J.vu 2. o-
3.40 3.2 3.Zu i.Ov 2.4o
3.70 3.2 3.40 3.10 2.70
3.80 1.) 3.50 J.1v 4.90
4 • 3.2 3.80 ).2o 3.1.'
4 • JO 3.2 4.20 J.4i .0.'
4.70 3.2 4.o0 3.30
. vu. 4.1 4.80 3.iu 4.6.'
5.40 3.1 5.10 J.4U 4.94)
3.2 5.50 3.eU S • vu
6.10 3.2 S.9u 3.80 5.40
4.40 3.3 6.3) 3.90 s..0
4.70 3.3 8.80 4.0.1 6.2.'
ActUalB
•**CUHPUTEU UATA*$$
SAT. YAP. PRESSURE(Hb) . 6.81
VAPOUR PRESSURE(MB)a 6.26
REL. HUMIDITY FRACTION • 0.92
APPROX. PRECIP. WATER(NN) 	 10.0
ROAD DAMPING DEPTH(CN)*	 72.
	
AiR DAMPING DPTHCCN)	 2047.	 2406.
AIR HEAT TRANSFER COEY.(CGS) s 0.00164
DEC	 9	 736 718 78	 U?.	 D
.13.473	 0.987276.1275.6	 2.0 240. 354.	 0.5
SOLAR SUN RN	 S	 H	 bE	 TO
	
TC
TINE	 (ALL IILT./MIN.)	 (C.)
12.0 210.7 111.5 -12. -43. -57.	 2. $0	 3.52
12.0 210.4 110.9 -12. -43. -57. 	 3. 16	 3.52
12.0 209.6 109.1 -11. -42. -57. 	 3. 33	 3.50
	
13.0 208.3 106.3	 -9. -42. -56.	 3. 39	 3.46
	
13.0 206.3 102.1	 -8. -40. -55.	 3. 40	 3.41
13.0 203.7	 96.7	 -5. -39. -53.	 3. 37	 3.33
14.0 200.5	 90.0	 -3. -36. -52.	 3. 30	 3.24
14.0 196.4	 81.9	 0. -34. -49.	 3. 21	 3.12
14.0 191.4	 72.3	 4. -30	 47.	 3. 10	 2.98
15.0 185.1	 41.6	 4. -24. -42.	 3. 01	 2.91
15.0 177.2	 48.9	 9. -20. -39.	 2. 87	 2.74
15.0 166.6	 34.7	 15. -14. -34.	 2. 69	 2.51
16.0 151.5	 18.9	 20.	 -8. -30.	 2. 47	 2.26
16.0 126.0	 1.2	 26.	 -2, -25.	 2. 22	 1.97
	
16.0 65.5 -18.7	 32.	 6. -19.	 1. 93	 1.64
17.0	 0.0 -28.2	 32.	 11. -15.	 1. 69	 1.44
17.0	 0.0 -26.0	 29.	 13. -14.	 1. 53	 1.36
17.0	 0.0 -27.9	 27.	 14. -13.	 1. 42	 1.31
18.0	 0.0 .28.0	 27.	 11. -10.	 1. 33	 1.23
18.0	 0.0 -21.9	 25.	 12.	 -9.	 1. 26	 1.19
18.0	 0.0 -27.9	 24.	 13.	 -9.	 1. 21	 1.16
19.0	 0.0 -27.8	 23.	 13.	 -8,	 1. 17	 1.14
19.0	 0.0 -27.8	 22.	 14.	 8.	 1. 14	 1.11
19.0	 0.0 -27.7	 21.	 14.	 -8.	 1. 12	 1.09
20.0	 0.0 -27.7	 20.	 15.	 -7.	 1. 10	 1.08
20.0	 0.0 -27.6	 19.:	 15.	 -7.	 1. 08	 1.06
20.0	 0.0 -27.6	 19.	 16.	 -7.	 1. 06	 1.04
21.0	 0.0 -27.8	 18.	 16.	 -7.	 1. 05	 1.03
21.0	 0.0 -27.6
21.0	 0.0 -27.5
22.0	 0.0 -27.5
22.0	 0.0 -27.5
22.0	 0.0 -27.5
23.0	 0.0 -27.5
23.0	 0.0 -27.5
23.0	 0.0 -27.4
0.0	 0.0 -26.7
0.0	 0.0 -26.9
0.0	 0.0 -26.9
1.0	 0.0 -27.0
1.0	 0.0 -27.0
1.0	 0.0 -27.0
2.0	 0.0- -27.0
2.0	 0.0 -27.0
2.0	 0.0 -27.0
3.0	 0.0 -21.0
3.0	 0.0 -27.0
3.0	 0.0 -27.1
4.0	 0.0 -21.1
4.0	 0.0 -27.1
4.0	 0.0 -27.1
5.0	 0.0 -27.1
5.0	 0.0 -27.1
5.0	 0.0 -27.1
6.0	 0.0 -24.2
6.0 0.0 -24.7
6.0	 0.0 -24.9
7.0	 9.0 -25.0
7.0 71.3 -14.1
7.0 120.1	 5.9
0.4 . 152.0	 23.4
8.0 147.5	 39.4
8.4 177.9	 51.6
9.0 185.S	 *o.3
.0 192.0	 77.3
9.0 196.9	 $6.8
14.0 201.0 94.8
10.0 204.3 101.5
10.0 206.0 106.0
11.0 200.0 110.9
11.8 210.1 -113.8
11.0 210.9 115.4
Model :utput
1.02
1.01
1 • 00
0.99
0.98
0.97
0 • 97
0.96
1.37
1.44
1.46
1.48
1.49
1.50
1 • 50
1.51
1.51
1.52
1.52
1.52
1.53
1.53
1.53
1.53
1.54
1.54
2.64
3.09
3.19
3.25
3.40
3.44
3.91
4.14
4.36
4.55
4.73
4.09
.. -a
5.15
5.26
5.34
5.41
5.47
12-02-79
- 340 -
- 341 -
FLUX
300
2701
240
210
IBOJ
15O..
120
-r---r -- --i 	 v -r-r- -r----r	 1 ---i-r--r- -t-	 . -i----,
10	 12	 14	 18	 18	 20	 22	 24
IN MLY/MIN GRAPH OF TERMS IN HEAT BALANCE EQUATION
KEY - LE _RN _S _H
90
60
30
-30
-60
-90
-120
-150
-180
-210
-240
-270
-300
TIME IN HOURS
TEMPERATURE 'C
20	 ACTUAL VERSUS PREDICTED SUB ROAD TEMPERATURE
18.4
174	 PREDICTED 36cm	 ____ PREDICTED 18cm
15-i
14.4	 ACTUAL 38cm	 ____ ACTUAL iBom
13-i
1O4
9.4
8..
-i
rI . I :rTm
NOON
• 6
	
• 10	 12 •	 • 16	 18	 20	 22	 24
MIDNIGHT	 TIME IN HOURS
12-13 FEBRUARY 1979
22-02-80
- 342 -
12.
13.
14.
15.
16.
17.
18.
18.
-6.
-5.
-5.
-4.
-4.
-4.
-3.
-3.
-3.
-2.
-2.
-2.
-1.
-1.
-1.
0.
0.
0.
2.
2.
2.
0.
-3.
1.
-11.
-15.
-18.
-22.
-25.
21.
-31.
-Ii.
-36.
.33.
-39.
-41.
-21.
-20.
-19.
-16.
-17.
-17.
-16.
-16.
-13.
-13.
-12,
-12.
-11.
-11.
-1•1.
-10.
-10.
-10.
-10.
-9.
-9.
-9.
-9.
-8.
-8.
-8.
-5.
-5.
-5.
-4.
-9.
-12.
-16.
-19.
-22.
-25.
-29.
-31.
-34.
-37.
-39.
-41,
-42.
-44.
8 • So
8.50
6.50
9.06
9.04
9. .M.
9.00
9.36
9 • 20
10.30
lo.30
10.20
9.70
9.20
8 • 90
8.30
8.10
8.00
7. 7u
7.10
6.60
4.30
v.00
5.60
5.44
5.10
4.60
4.40
4.00
4.10
4.10
3.70
3.80
3.90
4.00
4.30
4.40
4.30
4.50
4.60
..70
4.70
4. vO
4.4')
3.70
3.50
3.30
I • 2v
3.00
2.90
2 • 90
3 • 00
3.10
3.00
3.10
3.30
3.40
3.50
3.60
3.70
3.86
3.90
4 • Jo
4.80
5.3%'
5.40
5.44
5.50
5.50
4.40
6.50
8.40
8.30
S • 40
8.40
8.40
8.40
8 • 50
6.5(1
5.50
S • 50
$ • 50
8.50
8.30
8.30
8.30
S • 40
8.40
8.50
3 • 60
5.50
8.60
8.50
3.60
8.60
8.6(1
6.50
8.60
8.30
8.3(1
8.30
8.30
8.30
8.20
3.20
5.16
8.10
8.10
8.10
5.00
8.00
8.00
8.01,
7.90
1.9u
7.80
7.54
7.40
7.50
7.64
7.51'
1.40
7.40
7.4.)
7.40
7.30
7 • 30
7.20
7.00
7.40
6.90
a • 9U
7.uO
b.9U
6 • 90
6.90
7.00
7 .410
7.10
7.10
.90
4.30
4.70
6.50
6.111,
6.50
4. 61i
4 •
6.84
7.00
7.24
7.50
7.84
9.10
9 • (DO
9.30
9.00
7.50
7.20
7.00
6.60
6.54
1, • It.
S • No
5.2.'
5.40
4.",
3.90
4.10
4.50
3.90
2.64
3.10
3.1..
1.10
J.30
1.70
2. 2u
2.60
2.7u
2.70
3.00
2.90
2.90
3 • Ou
3.24-
2.80
2.2u
2.10
1.iv
1.60
1.4')
0.94
O .90
1.20
1.20
I •
1.10
1.44
1.50
1. "0
2.40
2.uU
2.10
2.4u
2 • 20
3.lo
3.3.'
4."
5.44'
5.40
•*Cu.1uTW UAiA••+
SAT. VAP. PM1.SbUl4E(MU) 	 9.88
VAPOUK	 PKSSUI4($b)	 9.28
K11,. NUMIDIT'l FRACTION	 0.94
APPRUX. PRLCIP. 9ATIR(14M)z 14.5
KUAD DAMPING &IPTH(CN)	 72.
A1l DAMPING 1*PTH(CM)z 	 1986.	 1157.
AIR K1AT TRANSfER COEF.(CG$) 	 0.00156
K	 736 718 75	 UA	 0
0.989281.6282.0	 8.5 232. 70.	 0.5
SUN	 RH	 S	 H	 61	 TI)
(AU, NLI./MIN.)
78.9 170.1 -10. -63. -96.	 8.50
70.3 169.1 -10. -63. -96.	 9.15
76.4 166.4	 -9. -62. -95.	 9.46
73.2 161.8	 -7. -61. -94.	 9.59
68.7 155.4	 -5. -59. -91.	 9.61
63.0 147.1	 -2. -57. -88.	 9.57
56.0 137.1	 1. -54. -85.	 9.48
47.6 125.1	 5. -50. -80.	 9.35
37.9 111.8	 9. -46. -75.	 9.20
26.6	 98.3	 -7. -23. -68.	 9.26
13.9	 01.5	 2. -20. -64.	 9.22
99.2	 63.6	 9. -15. -58.	 9.09
31.8
59 • B
27.5
57.7
v.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
44.7
24.9
4.4
-17.1
-25.0
-24.6
-55 • 2
-53 • 3
-52.3
-51 • 7
-51.2
-50.8
-50.5
-50.2
-49 • 9
-49.6
-49.4
-49.2
-49.0
411.7
-48.5
-48.3
-30.2
-30.0
-29 • 9
-29.8
-29.7
-29.6
-29.5
-29 • 4
-29.3
-29.2
-29.2
-29.1
29.0
28.9
-20.9
-23 • S
-28.7
-28.7
-27.8
-27.9
-27 • 9
-13.6
2.0
20.2
36.6
51.1
'4.4
76.0
85.9
• S
101.7
141.6
112.3
115.9
116.3
119.
11..
22.
27.
33.
32.
29.
128.
103.
92.
84.
78.
74.
70.
66.
63.
1,0.
57.
55.
53.
51.
49.
48.
46.
45.
49.
47.
46.
45.
45.
44.
43.
42.
42.
41.
40.
40.
39.
39.
39.
48.
37.
31.
31.
31.
25
10.
-2.
11.
24.
-29.
-33.
-35.
48.
-37.
36.
-9. -51.
-2. -44.
5. -36.
12. -20.
16. -24.
18. -22.
-22. -51.
-11. -40.
-5. -35.
-1. -32.
1. -30.
4. -28.
6. -26.
3. -24.
9. -23.
11. -22.
8.89
6.65
8.37
5.06
7.82
7.66
6.32
5.40
4.81
4.43
4.18
4.01
3.57
3.77
3.6$
3.0
1.54
3.4$
3.42
3.37
3.33
3.29
3 • 25
3.22
3.12
3.03
2.96
2.89
2.34
2.79
2.74
2.70
2.65
2.61
2.57
2.53
2 • 50
2.46
2 • 42
2 • 39
2 • 35
2.32
2.36
2.39
2.40
2.4$
2.73
3.08
3 • 47
3.89
4.30
4.70
S.0
5.44
S • 74
6.04
6.32
6.56
a • 7a
6 • 93
0.0005
12
TC	 50).
(C.)
9.81
9.50
9.77
9.72
9.63
9.53
9.39
9.23
9.04
9.32
9.18
8.95
8.69
8.40
8.09
7.76
7.57
7.50
4.98
4.48
4.22
4.06
3.93
3.83
3.74
3.66
3.59
3.53
3.47
3 • 42
3.37
3.33
3.29
3.25
3.21
3.1$
3.02
2.94
2.85
2.53
2.73
2.73
2.b9
2.65
2.61
2.57
2.53
2.49
2 • 46
2.42
2.39
2 • 35
2.32
2.29
2.40
2.41
2.41
2.54
2.98
3.42
3.87
4 • 30
4.72
5.11
S • 46
5.79
4.09
4.35
6.59
6.79
6.96
7.11
.95.
-96.
-191.
-285.
-376.
-464.
-549.
-629.
-704.
-773.
-837.
-895.
-946.
-990.
-1021.
-1055.
-107$.
-1100.
-1151.
-1191.
-1226.
-1258.
-1285.
-1316.
-1342.
-1366.
-1389.
-1411.
-1432.
1452.
-1471.
-1489.
-1506.
-1523.
-1539.
-1555.
-1568.
-1580.
-1592.
-1604.
15.
-1626.
-1637.
-1647.
-1658.
-1668.
-1477.
-1687.
-1696.
.1105.
1713.
-1122.
-1730.
-1738.
-1743.
1746.
1753.
-1759.
-1740.
-1784.
-179$.
-1814.
-1837.
1862.
-1891.
1922.
-1956.
1993.
-2031.
4072.
-2115.
-2156.
ki	 TO T36 Air
01c
.10. 045
SULIAK
12.0 2
12.0 2
12.0 2
13.0 2
13.0 2
13.0 2
14.0 2
14.0 2
14.0 2
15.0 2
15.0 2
15.0 1
16.0 1
16.0 1
16.0 1
17.0
17.0
17.0
13.0
18.0
16.0
19.0
19.0
19.0
20 • 0
20.0
20 • 0
21.0
	
21.0	 0.0
	
21.0	 0.0
	
22.0	 0.4
	
22.0	 0.0
	
22 • 0	 0.0
	
23 • 0	 0.0
	
21 • 0	 0.0
	
23 • 0	 0.0
	
0.0	 0.0
	
0.0	 0.0
	
0.0	 0.0
	
1.0	 0.0
	
1.0	 0.0
	
1.0	 0.0
	
2.0	 0.0
	
2.0	 0.0
	
2.0	 0.0
	
3.0	 0.0
	
3.0	 0.0
	
3.0	 0.0
	
4.0	 0.0
	
4.0	 0.0
	
4.0	 0.0
	
5.0	 0.0
	
5.0	 0.0
	
5.0	 0.0
6.0 0.0
4.0 0.0
6.0 0.0
7.0 64.1
7.0 126.7
7.0 152.6
6.0 163.0
8.0 178.4
8.0 186.9
9.0 193.5
'.0 198.3
9.0 203.2
10.0 204.8
£09.4
10 • 0 212.1
11.0 213.9
11.0 2 15.1
11.0 215.9
-0.00089
0.00089
-0.00(188
-0.40036
0.90083
-0.40080
-4 .00071
-0 .00032
-Q • 00028
-0.oOu2l
-0.00012
-0.00003
U .06007
0. 00017
(1.00033
0 .00025
0.0v032
-0.400)9
-0 .00002
0 .01svu2
(1.40009
0.40008
O.uuoll
V.00013
u.OUulS
I,•000i7
0.00o19
0.00v4u
0 .00022
(1. 04023
(1.00024
9.40(125
V • OOu tb
-0.00222
-0.94)98
-0.00179
-0.00 162
-0.40146
-0.1)0134
-0.00116
-0.90107
-0.4(1094
-0.0040 1
0.00069
-0.0005o
-0.00045
U•00033
-0.00022
-0.00012
U.00001
0.4(1999
0.OUvêS
0.94065
4.00(145
0.00417
-0.00254
-(1.uvSIl
-0.00460
.11.00893
-4.00995
-0.01681
-4.01170
-0.111443
-0.01306
-0.01360
-6.014(15
T18_Tslab
3.80 8.20
8.80 u.30
8.80 3.3)
8.90 8.4u
8.90 8.40
8.90 3.54
8.90 8.70
8.90 ..70
3.80 9.oQ
8.80 9.20
8.9(1 11.30
8.70 11.20
3.70 10.Uv
8.84 9.v0
8.90 8.")
8.90 8.41
8.90 1.vu
8.90 7.20
8.80 7,64
8.80 6.80
8.60 e.00
d.vO 5.40
8.511 4.90
8.40 4.uU
3.20 4.2u
v.10 4.00
7.70 3.70
7.60 3.24
7.40 3.00
7,40 2.70
7.2u 2.70
7.10 2.50
7.00 2.20
6.30 2.4u
t,.70 2.70
v.70 2.4
6.61) 3.lu
6.60 3.34
u.0 3.20
v.50 3.50
v.50 3.61'
ii.S0 3.70
v.50 3.70
.40 3.70
6.10 3.30
u.tIO 2.vO
v.00 2.30
v.20 2.6u
v.10 2.Uo
5.90 .b0
6.4(1 3•7
s.ao 4.vO
9.30 1.43
5.70 1.40
5.60 1.84
5.vO 1.90
5.40 2.04
5.40 1.90
54(, 2.0.)
5.30
5.3(1
5.30
5.20
S • 30
S.2u
5.30
I.,
5.30
5.40
5.49
5.50
5.70
2.40
2.9v
2.90
3.1
3.44
3 • so
1
4.80
5.iu
S •
7.10
7 • 20
Model Ouput	 22-02-80	 Actuals
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TEMPERATURE 'C
20	 ACTUAL VERSUS PREDICTED SUB ROAD TEMPERATURE
-...-.-
IB.i
17._i	 ____ PREDICTED 36cm 	 ____ PREDICTED 18cm
16.4
15.4
14J	 ____ ACTUAL 38cm	 ____ ACTUAL 18cm
13'
I
10.
9
8
7
6
3-
2
-1 -
-.4
-3-i
-4._4
-5-i
6.4
-7.4
-8
-9
-10
0	 2	 4
NOON
1 ................-i----r--r- 	 tri	 rrfrT	 -r--
6	 8	 10	 12	 14	 16	 18	 20	 22	 24
MIDNIGHT	 TIME IN HOURS
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FLUX IN MLY/MIN GRAPH OF TERMS IN HEAT BALANCE EQUATION
300	 ----- ............-
270 1 	 KEY	 LE240...
210'
180
:150
:120
90
60
30
0
-30
-60
-90
-:120...
-150..
-IBO...
-210..
-240..
-270
-300j.........r 
- i - ..-r- -, --;- -r--i --- - r-	 itT-
0	 2	 4	 6	 8	 lO	 12	 14	 18	 18	 20	 22	 24
TIME IN HOURS
22-23 FEBRUARY 1980
23-02-80
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•*Ct)N1'Ufl.0 OATA***
EAT. yAP. PXE.SUKC(Mb)z 9.88
VAPOUR	 PRE5SURE(Mb)z 8.20
RE6. HUNIDITI INACTiON	 0.83
APPRUX. PRECIP. WATI.R(MM) s 12.9
ROAD DAMPING DLPTH(CM)-	 72.
AIR DAMPING DI.PTH(CM)	 2349.	 2424.
AIR IdEA? TRANSFER CUEI.(CGS).	 0.00210
a	 g36 ThO TS
	 UA
	
0.990280.1279.0	 7.4 336. 360.
SUN kid	 S	 H	 bE	 TD
(Abb IdL.*./NIN.)
98.9 286.4 -82. -205.	 0.	 7.40
96.7 284.1 -81. -204.	 0.	 10.56
90.2 277.2 -77. -201.	 0.	 12.09
79.5 266.1 -71. -195.	 0.	 12.77
64.4 250.5 -3. -188.	 0.	 12.99
45.2 230.8 -54. -17$.	 0.	 12.94
22.4 207.8 -42. -166.	 0.	 12.71
95.6 181.4 -30. -152.	 0.	 12.37
oS.4 152.4 -17. -136.	 0.	 11.94
35.8 122.0 -20. -103.	 0.	 11.62
99.0	 89.6	 -4. -86.	 0.	 11.20
59 • 4
	
57.4
	
10.	 S.	 0.	 10.69
17 • 2
	
26.6
	
22. -49.	 0.	 10.12
71.9
	
-1.8
	
32. -31.	 0.	 9.54
21.8 -26.3	 .19. -14.	 U.	 11 • 97
55.6 -46.1
	
44.	 1.	 0.	 S • 44
0.0 -53.4
	
43.	 10.	 0.	 8.02
0.0 -52 •8
	
38	 15.	 0.	 7.73
0.0 -58.6
	
97. -39.	 0.	 6.77
0.0 -56 • 9
	
82. -26.	 0.	 O • 0$
0.0 -So • 0
	
74. -19.	 0.	 5 • 62
0.0 -55 • 3
	
68. -14.	 0.	 S • 30
0.0 -54.8
	
63. -10.	 0.	 5.0$
0.0 -54 • 4
	
60.	 -6.	 0.	 4.91
0.0 -54.0
	
56.	 -3.	 0.	 4.7$
0.0 -53 • 7
	
3.	 -1.	 0.	 4.67
6.0 -53.3
	
51.	 2.	 0.	 4 • 57
0.0 -53 • 1
	
49.	 4.	 0.	 4.48
I,
0.5
.rc
(C.)
13.76
14.73
13.62
13.45
13.20
12.88
12.49
12.03
11.50
11.31
10.78
10.17
9.56
$ • 96
8.40
7.91
7.59
7 • 44
5.82
5.39
5.15
4.98
4.85
4.74
4.64
4.56
4 • 47
4.40
0.00223
.iNi. WET
SUN
1.
0.
0.
0.
0.
0.
0.
U.
0.
U.
0.
U.
0.
0.
0.
0.
0.
0.
U.
0.
U.
0.
0.
0.
6.
U.
0.
U.
U.
U.
0.
U.
U.
U.
0.
U.
0.
0.
0.
0.(?.
U.
0.
0.
0.0.
U.
0.
0.
U.
0.
0.
0.
U.0.
0.
0.
0.
0.
0.
0.
U.
0.
0.
0.
0.
0.
U.
0.
0.
0.
0.
	0.0 -52.8
	
47.	 6.	 0.	 4.41
	
4.33
	
0.0 -52 • 6
	
45.	 8.	 0.	 4 • 34
	
4.27
	
0.0 -52 • 4
	
43.	 9.
	 0.	 4.28
	
4.22
	
0.0 -52 • 2
	
41.	 11.	 0.	 4.23
	
4.17
	
0.0 -52.0
	
40.	 12.	 0.	 4.1
	
4.13
	
0.0 -51.9
	
30..	 13.	 0.	 4.13
	
4.09
	
0.0 -SI • 7
	
37.	 15.	 0.	 4.09
	
4 • 05
	
0.0 -51 • 6
	
36.	 16.	 0.	 4 • 06
	
4.02
	
0.0 -32.5
	
88. -56.	 0.	 3.38
	
2.70
	
0.0 -31.9
	
77. -46.	 0.	 2.88
	
2.38
	
0.0 -31.5
	
dl. -41.
	 0.	 2.54
	
2.21
	
0.0 -3 1.3
	
67. -37.	 0.	 2.32
	
2.09
	
0.0 -31.1
	
64. -34.	 0.	 2.16
	
2.00
	
0.0 -30.9
	
62. -31.	 0.
	 2.04
	
1 • 92
	
0.0 -30.8
	
59. -29.	 0.	 1.95
	
1.56
	
0.0 -30.7
	
57. -27.	 0.	 1.57
	
1.80
	
0.0 -30.5
	
55. -26.
	 0.	 1.81
	
1.74
	
0.0 -30 • 4
	
54. -24.	 0.	 1.75
	
1.69
	
0.0 -30.4
	
52. -23.
	 0.	 1.70
	
1.64
	
0.0 -30 • 3
	
51. -21.
	 0.	 1.65
	
1.60
	
0.0 -30.2
	
49. -20
	
0.	 l.61
	
1.56
	
0.0 -30.1
	
48. -19.	 0.	 1.57
	
1.53
	
0.0 -30.0
	
47. -IS.	 0.	 1.53
	
1.49
	
0.0 -30.0
	
46. -17.	 0.	 I • 49
	
1.46
	
0.0 -29.9
	
45. -16.	 0.	 1.46
	
1.43
	
0.0 -29.9
	
44. -15.
	 0.	 1.43
	
1 • 40
	
0.0 -27.5
	
13.	 14.	 0.
	 1.77
	
2.11
	
0.0 -27.8
	
18.	 9.	 0.
	 2.01
	
2.25
	
0.0 -21.9
	
20.	 •7.	 0.
	 2.14
	
2.31
	
74.0 -16.5
	
14.	 1.
	 0.	 2.33
	
2.50
	
130.2
	
4.1
	
4.	 -9.	 0.	 2.55
	
2.S3
	
154.5
	
22 • 4
	
-3. -20.	 0.	 2.8$
	
3.1$
	
169.3
	
3B • 9
	
-9. -31.	 0.	 3 • 20
	
3.51
	
179.8
	
53.8 -13. -41.
	 0.	 3.51
	
3.03
	
187.8
	
67.0 -17. -51.	 0.	 3.82
	
4.13
	
194.2
	
78.8
	
20. -60.	 0.	 4.12
	
4.41
	
199.5
	
$5.9	 22. -68.	 0.	 4 • 39
	
4.66
	203.8
	
97.6
	
23. -75.
	 0.	 4 • 64
	
4.89
	
b3,	 0.	 4.87	 5.10
	
210.3 111.0 -24. -$8.	 0.	 S • 07
	
5.28
	
212.6 l's..
	
24. -93.	 0.	 S • 25
	
5.43
	214.4
	
-43. -97.	 0.
	 5.41
	
5.57
	215.6 122.0 -22. -101.	 0.	 5.55
	
5.6$
	216.3 123.5
	
20. -104,	 0.	 5.66
	
5.77
T0. T36 Air T18 T1b
7 • 40 0.9 5.70 S • VU 11.Uu
6 • 00 6.11 5.70 6 • 06 74,U
7.80 6.6 O • 40 6.00 0.00
9 • 60 6.7 6 • 50 0.10 16.50
10.1*) 6.7 7.30 0.40 10.911
10.30 7.60 6.50 11.26
S • 80 41.1 7 • 30 o.7U its • 3*'
10.10 6.7 7.10 o.90 9.00
9.40
	
7.30 7.10 9.3*.
7.90 7.3u 1.0.1*.
10.30 6.11 1.1141 7.40 9.9'?
9.90 6.9 44.00 7.70 9.5',
10 • 30 7.0 8.30 7.80 IU.Uu
9 • SO 7.2 7.40 7 • 11*1 O • 50
	
9.10 7.0
	
1.110 8.40
9.10 7.2 7.70 7.90 11.60
8.10 7.2 7.20 7.9" I.4v
8.20 7.4 O • 9u 7.9') 1 .u.,
	
7.4
	
7.90
7.10 7.4 0 • 4J 7 • 70 S • 7*,
0.90 7.4 6.20 7.90 5•54,
6 • 50 7.S 5.70 7.70 S • Do
6.10 7.5 S • 14.70
S • 0 7.6 5.00 i.t,0 4. Ii'
5 • 50 7.4 5.0L, 1 • 5*. 4.9*,
b.2u 1.5 4 • 50 1 •	 •
4 • 90 1.5 4.40 1.20 3.30
4.ou 1.4 I • 20 1.00 2.
4 • 46 7.4 3.26 1. • 90
	
7.1
	
3. JIl 'p.	 2 • 2',
3 • 9*. 7.4 3.40 • 4,0 4.1"
3 • 70 1.1 3.ul) 0.5.) 1.50
•1 • $ 3.30 O • 40 I • 56
3.40 7.4 2.3u 11.30 I •
	
3 • 20 7.1	 .1u o.40 1 ."
3.uU 7.3 2.5" 6.11.? 1.19
4.00 1.0 2.3u 0.6') v.9,
2.7u 6.9 2 • So 5.440 0.lu
2 • 50 7.0 2.2u 5.60 0.70
2.10 7.1 1.46 5.10 0.3*'
1.00 i.e 0.99 5.30 0.10
1.64, 7.0 1.20 5.10 U • 0.)
1 • 90 i.e 1.40 5 • :1', I.10
1.7o 6.9 0.141 S • 20 0.1*1
1.70 -0.56 5.14? 6.20
1.90 0.8 -0.50 5.00 o •
2 • 20 4.7 -0.20 4.90 S., • 9,)
2.40 0.7 0.10 1.1*
2 • 40 6.6 -0.2u 4.00 1.30
2.56 u.S -0.20 4.0* 3.30
2 • be 6.6 0.110 4.7*) 1.40
2.711 6.6 0.64' 4.10 1.oU
2 • 80 6.5 1.10 4.70 1.80
4.8s3 6.5 U • 911 4.60 1.09
2 • 90 '.4 4? • 9u 4.741 1.60
3.00 0.3 1.111 4.70 1.90
3 • 00 4.3 1.Iu 4.0 2.611
3.00 4.3 1.10 4.711 1.96
3 • 00 4.3 1.1*) 4.06 2 • 00
3.26 6.3 .4u 4.70 2.13
3.30 ..1 1.70 4.60 2 • 46
3.50 .0 I .7u 4.70 2
	
3.70 b.1
	
4.60 2.9(1
	
3.90 4.1
	
4.60 J.1u
4.19 6.3 2. 2u 4.1.0 4.20
a	
•
4.oO 6.4 3. u 4.80 4.110
S.le 6.4 • Sc ..90 4.1*)
5.30 4.4 3 • $0 b.Uu 4.50
5.46 •,2 4.10 5.16
5.06 .2 4.40 5.20 5.40
5.90 6.2 4 • 80 S • 40 5.5*,
DEC
-9.678
SUIJAR
TINE
12.0 4
12.0 4
12.0 4
13.0 4
13.0 4
13.0 4
14.0 4
14.0 3
14.0 3
15.0 3
15.0 2
15.0 2
16.0 2
16.0 1
16.0 1
17.0
17.0
17.0
18.0
18.0
18.0
19.0
19.0
19.0
20 • 0
20 • 0
20 • 0
21.0
21.0
21.0
22 • 0
22.0
22.0
23.0
23 • 0
23.0
0.0
0.0
0.0
1.0
1.0
1.0
2.0
2.0
2.0
3.0
3.0
3.0
4.0
4.0
4.0
5.0
5.0
5.0
6.0
6.0
6.0
7.0
7.0
7.0
8.0
S .0
8.0
9.0
9.0
9.0
10.0
10.0
ho,
11.0
11.0
104
_o,,00104
02
_0099
_0.00096
• 00091
_4,00685
_Qu0u7b
..Q0U1.9
-u
...V0U44
...uVU35
• 00016
_U.0000 1
o .00000
0 • 048,05
9.00008
_u.00020
V0U14
-0 • oOU lv
..00001
U.06UU5
-0 • uuuu 3
UU*. 02
.UU0'.'1
9.00002
0.601103
0.0000•S
0.116005
0 .uOUO('
0
.UUUU7
0.00008
0.00008
-0.00025
-0.09020
-6.00618
-0.00014
•0. 0410 15
-0.00014
-u.uDOlJ
-0.06012
-U .00011
-0.00016
-0.000 10
-0.uUU9
-0.00009
-0.00606
-6.00001
-u.0u4U7
-0.00000
0.00000
0.00004
0.00003
0 .00001
-0.00064
-0.00909
-0.00014
-0.00618
-0.00622
-0.0602.
-0.00029
-0000
-0.00035
-0.00038
-0.6*640
-0.00042
-0.00044
U.60045
l4de1 Output
	 23-O2-8o	 Actual.s
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TIME IN HOURS
4
____ ACTUAL 18cm
r - i- -r -	 -r----r----r	 -r- -r -- --r r-- i -
10	 12	 14	 18	 18	 20	 22	 24
MIDNIGHT	 TIME IN HOURS
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IN MLY/MIN GRAPH OF TERMS IN HEAT BALANCE EQUATIONFLUX
300
270
240
210
180
150
120
90
80
30
0
-30
-80
-go
-120
-150
-180
-210
-240
-270
-300
TEMPERATURE C
20	 ACTUAL VERSUS PREDICTED SUB ROAD TEMPERATURE
19
18
17	 ____ PREDICTED 38cm	 . PREDICTED 18cm
18
15.4
14.j	 ACTUAL 36cm	
12.4
I
0
-1
-I
-s-i
-5
--4
-8
-9
-- -i-r--r---t-- 1-----I
0	 2	 4	 8	 8
NOON
23-24 FEBRUARY 1980
I
4i1'
:p •Z •'
.'t-1.
'p.
I,
r
1'
rr
'1	 ..	 •
I
b'' :
. •_'l..
1*: -.
a
- r.
'• "44
.A. 1
	
w
• ,
24-02-So
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WET
ki	 I_T. Mr T1.8 Ts].ab
(ALL
129.7 -13.
129.1 -1).
127.5 -13.
124.8 -12.
121.0 -10.
	
116.0	 -9.
	
109.7	 -7.
102.1 -S.
91.3 -37.
$2 • 1 -42.
69.9 -30.
56.3 -21.
41.4 -12.
	
24.7	 -4.
	
6.4	 4.
	
-14.0	 12.
	
-26 • 2	 16.
	
-20.1	 13.
	
-26.6	 19.
	
-28 • 4	 17.
	
-26.4	 15.
	
-26.3	 14.
	
-26.3	 13.
	
-26.2	 12.
12.
	
• 2	 11.
	
-26.1	 11.
10.
10.
10.
10.
	
-26 • 0	 9.
	
-26.0	 9.
9.
	
-26 • 0	 9.
	
-2a.0	 9.
	
-53.5	 05.
	-52.0	 58.
	
-51.1	 54.
	
-50.5	 51.
	
-50.1	 49.
	
-49.7	 48.
	
-49.3	 46•
	
-49.0	 45.
	
-48.7	 44.
	
• 4	 43.
	
-48.2	 41.
	
47.9
	 41.
	
-47..
	 40.
38.
	
47.5	 38.
	
-47.3	 37.
	
47.2	 36.
	
47.1	 36.
40.
	
47.8	 39.
	
.47.6	 38.
•36.6 29.
	
15.4	 13.
	
10.0	 -5.
39.0 -as.
69.5 48.
101.) -as.
132.7 -84.
162.5 -101.
190.2 116.
v'
238.7 -13$.
254.5 14$.
26S.4 -14$.
277. -149.
253.0 147.
8.50 ó.2
6.0w 6.1
5.90 6.1
5.80 6.0
5.80 6.0
5.90 6.1
6.10
6.16 6.1
o.30 6.0
•.10 6.2
4.80 '.3
8.70 6.3
b.50 o.2
6.46 6.2
4.50
6. bu 6.3
6.50 "3
6. Sw
4.. 50 6.3
6.50 41.3
6 • 50 '.4
6.4
'.4
6.00 6.5
o • vO
6.60
b.oU '.5
6.36 6.5
6.2w 6.4
0.10 6.4
6. u0
S • 6.5
5.1.) 0.5
5.10 6.6
S • 10 0.7
S • S.) 6.7
5.40 6.5
5.10 U.S
5.10 6.5
S. Ou 6.5
4.40 6.5
4. 7u 6.5
4.20 6,6
.1.80 6.6
3.40 6.6
3.10 0.6
2.90 6.6
2.wu
2.70 '.5
3. ow '.5
3.20 6.0
3.40 6.4
3 •	 6.4
3.	 6,4
3. 4u 6.4
3.54, 6.2
3.4w '.3
.3. bO
3.4, '.3
7.70 .5.4
6.4
4. Jo 6.3
4.4.0 6,3
4.7u 6.0
5.30 6.0
8.5'ø 5.8
• • 06
4.8(1 6.1
4. ,0 4.3
7 • 40 0.3
1.40 6.1
9.18 6.1
S • 30
S.4u 5,4',
O • 40 5.30
5.50 5.16
5.00 0.10
5.50 5.20
b.ov 5.30
5.3.'
5.80 S • SO
5.96 5.7.'
5.90 S.7u
S • 9w 5.0
a.UU 5.50
o.Iu 5.01,
5.40
e.0U S.iu
t,.1t) 5.3.'
o • 211 5.4.1
S • 4w
O • 211 S • 4'
5.40
0.3') 5.5%,
6.30 5.50
6.4u 5.56
5.50
I1.40 5.uu
5.40
".40 5.40
.40 5.30
6.40 5.20
6.4.)
i..40 5 • UI)
u.40 4.du
0.40 4.90
0.40 4.60
6.2.) 4.7.'
4.40
•1 • 10 4. 4.1
6.10 4. u
U• 1') 4.30
o.U0 4.0.)
0.06 313s
6.06 3.16
5.90 4.bO
5.90 2.2.'
5.110 1.90
5.u0 1.8.,
5.4.' I • I.'
5.40 1 .uti
S • 30 2.1,
5.20 2.40
5.10
5.20 2.Uu
5.16 2, ..'l
S.Uu 2.50
4.94' 2.ou
4.90 2.50
4.90 2.80
4.90 2.70
*'COMVUTEU LATA***
SAT. YAP. PHESSUME(MD). 8.90
VAPOUR PR.SURE(NB). 8.2$
REt.. IIWIIDITI FRACTION z 0.93
APPROX. PRECIP. WATEH(MM)a 13.0
ROAD DAMPING DEPTH(CM)
	
72.
AIR DAIIPING DEPTH(CM)	 2595.	 1382.
AIR hEAT TRANSFER COEF.(CG5)	 0.00252
K	 136 118 T3
	 UA	 U
0.990279.4278.5	 6.5 418, 104.	 0.5
SUN RN	 S	 H	 LE	 TD
6.50
6.54
6 • 55
6.54
6.52
6.49
6 • 44
6 • 38
6.73
7.12
7.30
7.33
7.24
7.08
6.86
6.50
6.32
6.16
5.96
5.82
5.73
5.68
5.64
5.61
S • 59
5.57
5.55
5.54
5.53
S • 52
5.51
5.51
5.50
5 • 50
5.49
5.49
4.80
4 • 26
3.85
3.81
3.41
3.27
3.15
3.05
2.96
2.87
2.80
2.73
2.67
2.62
2.58
2.54
2.50
2.48
2.36
2.28
2.21
2.26
2 • 49
2.90
3 49
4.23
5.0I
6.02
7.01
8.02
a
10.00
10.92
11.77
12.52
13.1$
DEC
-9.309
SULAR
TIME
12.0 2
12.0 2
12.0 2
13.0 2
13.0 2
13.0 2
14.0 2
14.0 2
14.0 1
15.0 1
15.0 1
15.0 1
16.0 1
16.0 1
16.0 1
17.0
17.0
17.0
18.0
18.0
18.0
19.0
19.0
19.0
20 • 0
20.0
20 • 0
21.0
	
21.0	 0.0
	
21.0	 0.0
	
22.0	 0.0
	
22 • 0	 0.0
	
22 • 0	 0.0
	
23.0	 0.0
	
23 • 0	 0.0
	
23 • 0	 0.0
	
0.0	 0.0
	
0.0	 0.0
	
0.0	 0.0
	
1.0	 0.0
	
1.0	 0.0
	
1.0	 0.0
	
2.0	 0.0
	
2.0	 0.0
	
2.0	 0.0
	
3.0
	 0.0
	
3.0	 0.0
	
3.0	 0.0
	
4.0	 0.0
	
4.0	 0.0
	
4.0	 0.0
5.0 0.0
5.0 0.0
5.0 0.0
	
6.0	 0.0
6.0 0.0
6.0 0.0
ii., OS.'
7.0 130.5
7.0 179.8
8.0 225.2
8.0 267.5
8.0 307.1
9.0 344.2
9.0 378.0
9.0 408,8
16.9
10.0 459.1
10.0 47S.$
11.0 493.9
11.0 $04.9
11.0 511.5
ML1./N1M.)
-37. -79.
-37. -79.
-36, -79.
-35. -75.
-34. -78.
-32. -75.
	
-30.	 73.
-28. -70.
	
-55.	 0.
	
41.	 0.
	
-41.	 0.
	
-36.	 0.
	
-29.	 0.
	
-20.	 0.
	
-10.	 U.
	
2.	 0.
	
11.	 0.
	
13.	 0.
	
7.	 0,
10. 0.
11. 0.
12. 0.
13. 0.
14. 0.
	
14.	 0.
	
15.	 0.
	
15.	 0.
	
16.	 0.
	
lb.	 0.
	
16.	 0.
16. 0.
17. 0.
	
17.	 0.
	
17.	 0.
	
17.	 0.
	
17.	 0.
	
-10.	 0.
	
-6.	 0.
	
-3.	 0.
	
-1.	 0.
	
0.	 0.
	
1.	 0.
	
2.	 0.
	
3.	 0.
	
4.	 0.
	
5.	 0.
	
6.	 0.
	
7.	 0.
	
7.	 1.
	
8.	 1.
	
S.	 1.
	
'S	 2.
	
.9.	 2.
	
9.	 2.
8. 0.
	
,.
	 0.
9. 1.
	
7.	 0.
	
3.	 0.
	
-5.	 0.
	
-14.	 0.
	
-24.	 0.
	
-36.	 0.
	
-48.	 0.
	
-61.	 0,
	
-74.	 0.
e7	 A
	
.9,.	 0.
	-1 0 	 0.
	 2 	 0.
0.
	-13 	 0.
0.0008
TIME
12
IC	 SUM(C.)
6.50
8.50
6.56
6.54
6.50
6.45
6.40
b • 32
7.08
7.50
7.49
7.36
7.16
6.92
6.63
6.31
o • 06
5.99
5.75
5.65
5.o2
5.4.0
5.58
5.56
5.55
5.54
5.53
S • 52
5.51
5.51
5.50
S • 49
5.49
5.49
5.48
4.12
3.72
3.49
3.34
3.22
3.12
3.03
2.95
2.86
2.79
2.72
2.66
2.61
2.5$
2.54
2.50
2.46
2.42
2.27
2.20
2.15
240
2.71
3 32
4.09
4."
5.93
8.96
8.00
9.03
.- .-• -
10.97
11.84
12.81
13.2$
13.53
-0.000 11
-0.00011
-0.00010
0.000 10
-0.00030
-0.00009
-0. 00009
-0.00008
-0.00016
-6 • 600 12
-0.00014
0. 000 11)
-0.60008
-0 .u00i
U.000u1
Ia.uOuOJ(1.00004
0.00v02
6.00Ci
'.1,0",.,
o.qu004
O • () GC 4
Cè.4j04
6.06664
0.00o04
0.00004
0.l.UU4
0.4.Uu$Jb
0.00(105
0. 00005
0
0.00605
0.00005
-0.0014i
-0.00072
-0.06038
0.00003
0.00u 6
0 .0003 1
0.6u042
0 .OuUSb
0.OUo6l
0.6u077
0 .00093
0.00098
0.00104
0.06110
0.00116
0.0o121
0 .00100
0.00130
0.00116
0.00094
0.000)4
4.. .00057
-0.00170
-0.0u442
-0.00592
-0.00744
-0.0(1894
- j vJ1-.
-0.01176
-0.61300
-0 .0 14 12
-0.01568
-0.01586
5.00
4.90
5.00
5.10
S.,.)
5.40
5.00
6.10
o.20
6.10
o.30
6.30
5.90
0.1)0
6.10
6.1u
• 20
6.24)
0.30
6.50
O • 30
6.40
0.40
6.5.)
5.80
S.oO
5.50
5.30
5.00
4.80
4.90
4.70
4.50
4.30
4.30
4.4.)
4.20
4.10
4.0w
3.uO
3.26
3.4w
2.341
1.90
1.80
3.70
2 • 00
2.oO
4 • 60
2. vO
2.30
2.00
1.70
1.90
2.10
1.80
2.7 s.ui, 2.40
1.70 5.00 3.4u
2.20 b.io 3.4o
2.70 4.80 4.00
2.64, 4.9i 4.2')
2.Wu 4.9.) 5.40
31u ....
3.50 5.20 6.10
4.00 5.30 6.71?
4.40 5.50 ..9u
3.70 9.60 7.40
4.10 5•7 7.94,
4.aO 5,9w 4.76
16.6
16.4
15.6
14.4
12.7
10.4
07 • S
03.9
99.6
94.4
88.0
80.1
69.7
55.2
31.4
77.8
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
-78.
.79.
-15$.
-235.
-312.
-387.
459.
-529.
-529.
-529.
-529.
-529.
-529.
-529.
-529.
-529.
-529.
-529.
-529.
-529.
-529.
-529.
-529.
-529.
-52'i.
-529.
-529.
-529.
-529.
-529.
-529.
-529.
-529.
-529.
-529.
-529.
-529.
-529.
-529.
-529.
-529.
-529.
-529.
-529.
-529.
-529.
-529.
-529.
-528.
-528.
-526.
-525.
•523.
-521.
-521.
-520.
-$20.
-520,
-520.
-520.
-520.
-520.
-$20.
-520.
-$20.
-520.
-520.
-$20.
-$20.
-$20.
-520.
Jbde1 Output	 24-02-80	 ctua1s
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FLUX IN MLY/MIN GRAPH OF TERMS IN HEAT BALANCE EQUATION
3OO -------
270.
24O
210.
18O
15O
120
gO
60
30
0
-30
-60
-90
-120
-150..,
-180..
-210..
-240
-270
-300	
. t ... .	 ....	 rr
0	 2	 4	 6	 8	 10
I	 T..... . T	 i	 - r - "rr-
12	 14	 16	 18	 20	 22	 24
TIME IN HOURS
- 350 -
TEMPERATURE 'C
20	 ACTUAL VERSUS PREDICTED SUB ROAD TEMPERATURE
191	 _... .........................
184	 ____
__PREDICTED 38cm	 ____ PREDICTED 18cm
16
15j
14.4	 ACTUAL 36cm	 -	 ACTUAL 18cm
13j
12
11
9..
8 1 	 ____________
_---	 .---
3-4
2....
-11
-3
7.1
-8
-9
-	
r---r-T-- 1	 i	 - - ---, i- -r --r -. r	 --r1
0	 2	 4	 6	 8	 10	 12	 14	 16	 18	 20	 22	 24
NOON	 MIDNIGHT	 TIME IN HOURS
24-25 FEBRUARY 1980
25-02-80
- 35]. -
I"
-' • 00937
-0.00917
-0.0v900
-U.u0877
-U.0"11
-0.00761
0.00745
-0.00683
-0.00016
.11.00457
-0.u0369
-0.00154
-0.00058
-0.00012
-0.00405
-0.00330
-0.00291
-0.00258
-v.00231
-0 .00207
-0 .00 180
-. • 001.1
-0.00150
-0. 00134
-0 .00120
-0.00101
-0.00094
-0.00083
-0.00u73
-0.00105
-0 .00107
-6.00102
-0.08269
-0.07899
-0.0b14
-0.07312
-0.07153
-0.06940
-0.OvlSS
-0.06510
-0.00,92
-0.0*221
-0.06050
-0.U5o97
-0.05144
-0.05596
-u • 05453
-0.05315
-0.05181
-u • 05052
-0.03340
-0.031 o
-0.03675
-u .0368*
-4I.v5245
-0.00142
-0.08332
-0.09894
-U • 114 12
-0.22874
-0.14258
-0.1555 7
6. 1 .1 lii
-0.11886
-U. 1835
-0.19850
-0 •
-0.21359
-TO T36
&v.2v 6.10
11.u0 6.10
11.uU v.20
11.90 b.1v
12.30 o.20
11.70 6.30
11.30 6.20
10.80 o.20
12.20 o.30
34.10 6.40
11.20 6.50
11.00 6.60
10.30 0.60
9.60 6.70
8.90 6.80
8.50 4.90
7.60 6.90
7.10 7.00
6.80 7.10
o.00 7.10
6.40 1.10
o.2o 7.10
S.7o 7.10
5.30 7.10
5.10 7.30
4.80 7.20
4.50 7.20
3.90 7.10
3.60 1.00
3.30 7.00
3.30 7.10
3.0') 7.10
2.80 7.00
2.60 7.00
2.40 7.00
2.50 .90
.lU 0.00
2.00 o.8u
2.2v 6.80
2.40 ü.0
2.Su o.70
2.So u.10
4.bv 6.uV
2.oQ ta.OU
4.oU v.50
2.du 6.00
2.80 6.50
1.90 6.50
4.7u 6.30
2.7u o.20
2.0 6.10
2.611 ...3.)
2.Su 6.20
2.30 6.10
2.30 4.20
2.20 •..40
2.30 6.10
3.Jo 0.00
2.20 6.00
2.4u 6.00
2.Ju 6.uO
2.oO S.9v
2.70 5.80
3.20 5.90
J.iu S.du
3.20 S.$u
j.,:.
4..0 3.7u
4.80 5.80
5.,0 S.Vu
0.10 5.lu
6.30 5.70
Air T18
5.50 o.00
5.8, v.20
O • 20 U.S0
7.40 o.80
7.20 7.10
7.uO 3.20
7.40 7 • 50
7.10 7.60
7.8)
0.00
7.90 0.20
7.bu 0.-lU
8.30
Ô.4u 0.30
0.10 8.40
b..It, 8.30
5.20 8.20
S • vu 8.11)
4.Ou 7.90
5.10 7.óu
4.50 7.70
4.80 1 •
4.40 1.0
3 • lv 7.40
hull 1.40
3.10 7.10
2.40 v.80
2.1")
U • 6.50
0.8" .50
0.70 0.40
0 • 4u v.20
0.40 11.00
0.lu 5.90
0.4" 5.70
5.oU
-0.80 5.50
-1.lu
5 • 10
-U..)'., 5.20
-0 • 2.1 5.10
• 50 S • 00
0.411 4.90
0.01)
0. ot?
0.16 o.9v
v.2" 4.10
0. uv 0.110
4 • lv
.0.3'i
,.71
-U.'",
-U..." 4.00
-v.70 é.7u
-0.1', • *0
-0.Ju 4.50
-0.lu 4.40
-O.3u 4.40
4 • 20
4.40
-6. 3u 0.30
-0.111 4. lu
0.4" 1.30
v.7" . iv
0.8.? 4.30
-6. ;.. •I .
1.20 4.50
1.211
2.10 4.7u
2.3.? 4.Su
Tslab
11 .7u
I 3.3o
I 3.uv
14.80
12.70
12.04..
14.v3
13.26
12.10
1 1..1J
1'). nO
0.4,,
O • t)'J
7.40
v.60
5.90
5.90
S.4u
5.0)
4.40
0.10
3.00
3.5u
3.20
2.60
2.40
2.00
1.90
1.60
1.40
1.30
1.00
1.20
1.10
0.8%)
1.lv
1.40
1.50
1.50
1 .b.'
1.6.)
1.80
4.00
2.10
2.10
1.0,,
I .uIJ
1.00
1.711
1.110
1.44)
1.50
& .6u
I .vO
1.9?
I .7'
'.5',
3. *4)
3.4%)
1.40
SSu
5.. vU
• 50
7.10
7.50
Actuals
21.0
21.0
22.0
22.0
22.0
23 • 0
23.0
23.0
0.0
0.0
0.0
1.0
1.0
1.0
2.0
2.0
2.0
3.0
3.0
3.0
4.0
4.0
4.0
5.0
5.0
5.0
0.0
v.0
6.0
7.0
7.0
7.0
8.0
8.0
d.0
9.0
9.0
9.0
10.0
10.0
10.0
11.0
at..
11.0
-8 • 93
SOLAI4
TIIQ.
12.0
12.0
12.0
13.0
13.0
13.0
14.0
14.0
14.0
15.0
15.0
15.0
lb.0
Io.0
16.0
11.0
11.0
17.0
18.0
18.0
18.0
19.0
19.0
19.0
20.0
20.0
20 • 0
21.0
10.20
12.04
12.93
13.33
13.47
13.45
13.34
13.14
12.59
12.52
12.11
11.66
11.16
10.60
10.01
8.93
8.05
7.44
6.38
5.61
S • 06
4.67
4.38
4.15
3.95
3 • 79
3.65
3.52
3.41
3.30
3.21
3.12
3.04
3.11
3.16
3.16
3.01
2.86
2.73
2.62
2.52
2.43
2.35
2.27
2.20
2.13
2 • 06
2.00
1.94
1.88
1.82
1.77
1.71
1.66
1.67
1.67
1.66
1.51
2.15
2.61
3.15
3.72
4 • 30
4.88
5.44
5.97
ii.',
'.95
7.39
7.79
$.15
8.47
* $ $CUI4IUTEI) uTA**$
SAt. yAP. p suR6(sb)a 9•94
AP0UK .S5UIE(M6)* 8.65
iEL.. IIU$10171 HIACTIOM • 0.81
APPILUX. PK(1P. iATEK(MM)	 13.0
KUAO OAi4PI8G LIEPTH(CM)z	 12.
AIK UAKPIIIG I)I.PTH(CM)a	 1400.
AIR 111A1 tRAI45I.RCUEY.(CG5)
K	 T36 71$ 75
	
Uk
7	 0.990279.3219.2 10.2 107.
K?.	 S	 ii	 lit.
(ALL IILT./$1N.)
283.7 lol.0 -82. -85.	 0.
283.1 166.1 -81. -VS.	 0.
283.1 103.4 -79. -84.	 0.
278.0 158.9 -7o. -83.	 0.
273.5 152.6 -71. -82.	 0.
267.8 144.5 -65. -79.	 0.
200.8 134.7 -58. -77.
	
0.
252.5 123.2 -50. -73.
	
0.
242.9 110.0 -41. -69.	 0.
232.5	 94.2 -27. -67.	 0.
29.9	 78.1 -17. -61.	 0.
205.4	 00.6	 -6. ,55.	 U.
188.7	 42.2	 ti. -48.	 0.
lol.9	 22.9	 18. -40.	 0.
139.3	 3.0	 30. -33.	 0.
86.6 -lb.?	 78. -13. -50.
	
0.0 -29.2	 74..	 -5.	 40.
	
0.0 -28.5	 ob.	 -1. -36.
0.0 -34.8. 112.	 35. -42.
	
0.0 -33.7	 99. -29. -36.
	
0.0 -33.1	 9*. -25. -33.
	
0.0 -32.6	 85. -22. -30..
	
0.0 -32.1	 80. -20. -28.
	
0.0 -31.8	 76. -18. -26.
	
0.0 -31.5	 12. -16. -25.
	
0.0 -31.2	 69. -14. -23.
	
0.0 -30.9	 66.	 13. -22.
	
0.0 -30.7	 63. -11. -21.
	
0.0 -30.5	 60. -10. -20.
	
0.0 -30.3	 58.	 -9. -19.
	
0.0 -30.1	 56.	 8. -1$.
	
0.0 -29.9	 54.	 -7. -17.
	
0.0 -29.8	 52.	 -6. -17.
	
0.0 -30.3	 38.	 -9,	 0.
	
0.0 -30.3	 3$.	 9.	 0.
	
0.0 -30.2	 39.	 -9.	 0.
	
0.0 -35.7	 50. -14.	 0.
	
0.0 -35.4	 49. -14.	 0.
	
0.0	 35.2	 48. -13.	 0.
	
0.0 -35.0	 47. -13.	 0.
	
0.0	 34.8	 47. -12.	 0.
	
0.0 -34.6	 46. -12.	 0.
	
0.0 -34.5	 46. -11.	 0.
	
0.0 -34.3	 45. -11.	 0.
	
0.0 -34.2	 45. -11.	 0.
	
0.0 -34.0	 44. -10.	 0.
	
(1.0 -33.9	 44. -10.	 0.
	
0.0 -33.8	 43. -10.	 0.
	
0.0 -33.7	 43.	 9.	 0.
	
0.0 -33.5	 42.	 -9.	 0.
	
0.0 -33.4	 42.	 -9.	 U.
	
0.0 -33.3	 42.	 -9.	 0.
	
0.0 -33.2	 41.	 $.	 U.
	
0.0 -33.1	 41.	 -S.	 0.
	
0.0 -31.4	 30.	 -5.	 0.
	
0.0 -31.4	 10.	 5.	 0.
	
v.0 -31.4	 44.	 S.	 0.
	
93.5 -15.8	 21.	 -6.	 0.
	
13..3	 4.0	 4.	 -9.	 0,
	
158.0	 21.5 -10. -11.	 0.
	
171.1	 47.3 -21. -14.	 (3.
	
181.7	 51.4 -34. -15.	 0.
	
169.4	 63.9	 43. -21.	 0.
	
195.7	 74.8 -51. -24.	 0.
	
200.8	 84.2 -53. -27.	 0.
	
205.0	 92.1 -62. -30.	 0.
	
208,5 95.8 -66. -fl.	 0
	
211.3 104.2 -69. -36.	 0.
	
2*3.4 108.3 -71. -35.	 0.
	
815.4 111.5 -71. -40.	 0.
	
211.. 113.5 .71. -42.	 0.
	
217,3 114.5 -70. -44. 	 0.
Model Ottput
0 .00025
11.41. .E1
37
IC	 sUti
(C.)
	
13.90	 1.
	
13.88	 0.
	
13.82	 U.
	
13.74	 0.
	
13.61	 0.
	
13.44	 0.
	
13.22	 U.
	
12.95	 0.
	
12.63	 U.
	
12.16	 0.
	
11.71	 0.
	
11.21	 0.
	
10.65	 u.
	
10.05	 0.
	
9.41	 0.
	
7.85	 -50.
7.16 -90.
6.83 -120.
5.33 -168.
4.53 -205.
4.52 -238.
4.2$ -208.
4.08 -291.
3.91 -323.
3.76 -348.
3.63 -371.
3.51 -394.
3.39 -415.
3.29 -435.
3.20 -454.
3.11 -472.
3.03 -489.
2.96 -506.
3.19 -SOo.
3.20 -SOb.
3.17 -504.
2.85 -506.
2.71 -506.
2.60 -500.
2.50 -506.
2.42 -506.
2.34 -506.
2.27 -506.
2.19 -506.
2.13 -506.
2.06 -501.
2.00 -500.
1.94 -506.
1.88 500.
1.82 -SUb.
1.76 -506.
1.71 -506.
1.64 -506.
1.41 -506.
1.6. -506.
1,.7 -Sub.
1.45 -506.
1.97 -504.
2.49 -504.
3.08 -506.
3.69 -SUb.
4.29 -504.
4.8$ -506.
5.45 -506.
5.99 -506.
6.50 -506.
6.0* .c.1.
7.42 -506.
7.83 -506.
8.19 -504.
8.51 -501..
5.79 -501.
25-02-80
los.
0.00083
1
23.	 0.5
TI)
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3O '	----- ____--____
271
241
21'
18'
15'
12'
9'
8'
3'
-3,
-8'
-9
-12
-15'
-18'
-21
-24
-27'
-30
TIME IN HOURS
NOON
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TEMPERATURE 'C
20	 ACTUAL VERSUS PREDICTED SUB ROAD TEMPERATURE
19
18
17	 ____ PREDICTED 38cm	 - PREDICTED 18cm
18
15
14	 ACTUAL 36cm	 __ACTUAL 18cm
13
12
Ii
10
9
8
7
8
5
4
3
2
1
0
-i
-2
1---rT-rT	 -i-	 u
8	 10	 12	 14	 16	 18 20	 22	 24
MIDNIGHT	 TIME IN HOURS
25-26 FEBRUARY 1980
I
t r
'.r '
:i
-
II
03-03-80
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TO T36 Air TiS Tsi
-(1.01 I9
4,.vj 2b5
-0.01241
-0.UlIôu
-G.01a03
-U .010 35
-0.0(1954.
0.UUI61
-0.006oO
-U.Uv452
0.UUJSi
-0.00185
-0.00 136
-0.0031u
-0.u031 1
u.u0261
-0.4.0204
-0, vu ist,
0.0,atJo
-0.uuitl
-0.00100
-0.00084
0.000o9
-0.00050
-0.09043
-0.60011
-0.uuU2U
-U • 0(14' lv
(1.00000
U.UU59O
-0.00408
-0.00381
0.0UJ1S
-0.0(1209
-0.0016.
-0.00141
-0.0 'JO UI
-0.000'. 4
-0.00009
U • UUUut
(1.0(1115
U.t'u142
0.60166
0.00193
U.v0614
0.u(1745
0.00505
0.00394
(1.0012 S
0.GU10
-0.01443
.4, • 61684
-U .0 213
-0.0213(1
-0.03118
-U.v3414
-v.1.3787
-(1.04216
7.40 5.SV
7.40 5.80
7.40 6.1)
1.5) 5.70
7.60 0.51)
7.oO e.Su
7.54) u.4'J
1.50 5.so
7.70 o.lv
7.9u 6.4v
7.90 6.70
794) o.Su
8.4u 0.2u
6.lu b.4u
8.10 o.4u
8.30	 •5
8.40 o.10
6.40 5.2)
I4 • 50 4.10
8.54 4.lv
8.56 4.3(1
6.5.) 3.9u
11.50 3.sv
8.50 2.5,
8.40 1.90
0.30 (1.50
1.1(1 1.Uu
.LoO -0.50
8.00 0.2u
6.50 's.'Ju
8.50 u.3.)
8.4v (3.10
8.4*) 0.10
6.20 -(1.00
6.2) -1.*)v
8.lu -1.1.)
8.20 -(1.4u
0.10 -0.90
8.0(1 -1.00
7.90 -2.20
7.8v -2.uo
7.7) -4.4..)
7.70 -2.3o
7.60 -2.uu
7.ov -2.4o
7.5u -2....,
7.4(1 -2.bu
7.3u -3.uu
7.3v -2.7u
7.2u -3.3o
1.20 -2.i0
1.10 -2.lv
7.00 -3.30
6.90 -2.60
6.60 -3.20
0.00 -2.90
8.6(1 -3.00
6.00 -2..w
6.60 -2.Su
..40 -2.3u
6.50 1.5U
.4ft -0.9.i
•.4U 0.2u
u.2u (.8(1
...jo 1.Sv
6.Iu 2.5"
;.
0.9) 4.70
6.00 0.1(1'
5.90 i.u.)
5.50 7.4u
5.6(1 7.3
13.30
13.Su
13.10
14.10
14.40
14.40
14 • 40
14.40
14.30
14.10
13.70
13.10
12.40
12.oU
11.30
10.80
10.00
9.1(1
8.20
7.60
7.10
6.oU
o •
5.80
5.30
4.70
4.40
.1 •
4.30
3.00
2.70
2.50
2.20
2.20
2.0U
1.80
1.50
1.30
1.1(1
1.10
0.90
0.80
0.70
0. vU
(1.40
0.30
0.20
0.10
0.0(1
• 10
-0.20
• 50
U.S0
4.00
v.64)
1.30
2.40
4.10
5.40
6.30
1.0
8.90
1.
11.20
12.24)
10.30
11.30
12.20
0.4)
3.00
4.80
9.00
9.1.'
• iv
9. (S.,
9.00
1O.Uv
10.10
10.20
10.30
10.40
10. lv
10.00
9.00
9.1'•
9.10
9 • 1 o
6.9.)
8. ui
0.41,
.i.1 •)
*3.40
7.9u
7.50
7.30
7.Uv
ó..0
0.71,
6.40
0.30
11.00
5.89
5.71,
5.50
S •
5•41,
5.00
4.90
4.414)
4.70
4.43)
4. iv
4.3u
.&.UI1
3.90
3.du
3.60
3.60
:3 • 5.,
3.4..'
3.0.,
.1.4.0
4 •
4. .1.)
4.0.,
4.94'
5.20
1u.
lu.l
1.5.1
17 .
17
115.4
14..
1 3.J
11.
ill..
9.1
•5 •
7.J
I..'
5.41
6.5
1.1
4.).
3.1
.3..,
3.2
2.2
2.0
l.1
1.4
1.2
1.0
0.7
0.5
".5
0.3
13.4
I.1
1J.4á
14 •:3
-0.4
• 0 • 7
-.4.9
'1.1
1.4
-1.4
1.5
-1.2
1ffi
2. u
1.1
•1 .0,
15.41
'4 .4.i
14.4
S4CUp4&'UTkA) DATA***
SAT. VAt'. P	 Uh4l(MU)g 9.41
VAPOUR	 P1.S6UKE($H)1 5.08
K11a. 4U$L0lt1 RAC110N	 0.54
APPKUX. P&C1P. gATR(HM)&	 8.2
KUAU I)ANPING (1I.PTH(CN)o 	 72.
AI.( &IAIIPI(46 UEPZ1I(C$)Z	 1575.	 1215.
AIK 111A7 XKANSFII4 C0Er.(CG	 0.00104	 0.00065
£1C	 K	 736 118	 75	 UA	 I)	 TLMP. .T
-6.280	 0.992280.o2Ul.0 13.3 139. 7. 	 (1.5	 U
5UI,Al( 500
	 Ku	 S	 H	 Ia	 TI)	 IC	 SUM
TIME	 (AI.L i4L*./M1K.)	 (C.)
12.0 715.3 388.5 -145. -243.
	
0.	 13.30 21.67
	
1.
12.0 712.2 385.4 -143. -242.	 0.	 17.56 21.81	 U.
12.0 1(12.9 376.1 -131. -239.	 0.	 19.60 21.64	 U.
13.0 687.9 3u1.1 127. 235.	 0.	 20.47 21.34	 (1.
13.0 bub.b 340.1 113. 227.	 0.	 20.68 2(1.9(1	 0.
13.0 639.5 313.7 -96. -218.	 0.	 20.51 2(1.33	 4'.
14.0 607.3 282.7 -16. -207.	 0.	 20.06 19.62
	
(1.
14.0 569.6 247.2 -54. -193.	 0.	 19.42 18.71	 0.
14.0 527.0 208.1 -30. -178.	 0.	 18.61 17.80	 0.
15.0 479.8 1u7.3
	
-9. -158.	 0.	 17.69 16.78
	
0.
15.0 428.7 124.0
	
16. -140.	 0.	 16.66 15.u2	 U.
15.0 314.0	 80.7	 4U. -121.	 0.	 15.52 14.38	 u.
16.0 316.4	 38.8	 62. -101.	 0.	 14.32 13.12	 0.
16.0 255.8	 -0.2	 82. -81.	 0.	 13.09 11.86	 0.
16.0 192.5 -34.4	 98. -63.	 0.	 11.88 10.66	 0.
17.0 145.7 -61.8 1(19.	 47.	 0.	 10.13	 9.58	 0.
17.0 43.9 -81.2 114. -33.	 0.	 9.70	 8.66	 0.
17.0	 0.0 -64.4 108. -24.	 0.	 8.88	 6.07	 V.
18.0	 0.0 -104.6 171. -66.	 0.	 7.43	 5.97	 0.
18.0	 0.0 -100.1 155. -55.	 0.	 6.31	 5.20	 (1.
18.0	 0.0 -97.1 144. -47.	 0.	 5.49	 4.68	 0.
19.0	 0.0 -94.9 £35	 -41.	 0.	 4.89	 4.28	 0.
19.0	 0.0 -92.9 146. -36.	 0.	 4.41	 3.94	 u.
19.0	 0.0 -91.3 . 122. -31.	 0.	 4.03	 3.65	 0.
20.0	 (1.0 -89.8 117. -27.	 0.	 3.11	 3.36	 0.
20.0	 0.0 -88.4 112. -24.	 0.	 3.42	 4.14	 .
20.0	 (1.0 -87.2 107. -20.	 0.	 3.17	 2.92	 I'.
21.0	 0.0 -Uu.1 103. -17.	 0.	 2.95	 2.12	 4'.
21.0	 0.0 -85.1	 99. -15.	 - 0.	 2.74	 2.54	 0.
21.0	 0.0 -84.1	 96. -12.	 0.	 2.55	 2.36	 U.
22.0	 0.0 -83.2	 93. -10.	 0.	 2.38	 2.20	 0.
22.0	 0.0 -*2.4	 90.	 -7.	 0.	 2.22	 2.06	 0.
22.0	 0.0 -81.6	 81.	 -5.	 0.	 2.07	 1.92	 0.
23.0	 0.0 -$0.9	 84.	 -3.	 0.	 1.93	 1.79	 0.
23.0	 0.0 -80.3	 82.	 -2.	 0.	 1.80	 1.67	 U.
23.0	 0.0 -79.6	 79.	 0.	 0.	 1.68	 1.56	 0.
o.v	 0.0 -110.3 132. -22.	 0.	 0.90	 0.12	 0.
u.0	 0.0 -107.2 124. -17.	 0.	 0.26 -0.38	 0.
0.0	 U. -105.2 119.	 14.	 U.	 -0.23 -0.71	 0.
1.0	 0.0 -103.7 115. -11.	 U.	 -0.60 -0.97	 u.
1.0	 0.0 -102.4 112.	 -9.	 0.	 0.89 -1.18	 0.
1.0	 0.0 -101.3 109.	 -8.	 0.	 -1.13 -1.38	 v.
2.0	 0.0 100.2 106.	 6.	 0.	 -1.34 -1.55	 6.
2.0	 u.0 -99.3 104.	 -4.	 0.	 -1.53 -1.71	 0.
2.0	 (1.0 -96.4 1(11.	 -3.	 0.	 -1.70 -1.87	 U.
3.0	 0.0 -97.5	 99.	 -2.	 0.	 -1.85 -2.01
	
0.
3.0	 0.0 -9v.7	 97.	 0.	 0.	 -2.00 -2.15	 0.
3.0	 0.0 -95.9	 95.	 1.	 0.	 -4.14 -2.27	 U.
4.0	 0.0 -95.2	 93.	 2.	 0.	 -2.27 -2.39	 0.
4.0	 u.0 -94.6	 91.	 3.	 0.	 -2.39 -4.51
	
0.
4.0	 0.0 -93.9	 9U.	 4.	 0.	 -2.50 -4.62	 0.
5.0	 (1.0	 93.3	 88.	 5.	 U.	 -2.6* -2.72	 (1.
5.0	 u.0 •92.7	 dl.	 6.	 0.	 -2.72 -2.82	 0.
5.0	 (1.0 -92.2	 85.	 7.	 u.	 -2.82 -2.92	 0.
6.0	 0.0 -65.7	 35.	 28.	 3.	 -2.31 -1.81	 3.
o.0	 4.0 -67.0	 40.	 2.	 1.	 -1.94 -1.56	 5.
6.0 .31.5 -63.4	 39.	 24.	 0.	 -1.65 -1.31	 5.
7.0 99.5 -45.9
	
25.	 20.	 0.	 -1.29 -0.94	 5.
7.0 170.9 -11.4	 4.	 14.	 0.	 -0.75 -0.20	 5.
7.0 243.6	 19.7 •24.	 5.	 0.	 0.04.	 0.83	 5.
8.0 315.6	 63.1 -5.
	
-8.	 0.	 1.08	 2.12	 5.
8.0 385.5 109.9 -88. -22.
	 0.	 2.35	 4.62	 D.
8.0 452.0 158.0 -120. -J8.
	
0.	 3.80	 5.25	 5.
9.0 514.9 206.0 -150. -56.
	
0.	 5.39	 6.98	 5.
9.0 572.7 251.7 -178. .74
	
0.	 7.06	 8.72	 5.
9.v 625.2 294.0 -201. -93.
	
0.	 8.75 10.44	 5.
	
••.J JJ6.W	 V.	 £V.i *.11	 - 5.
	
10.0 712.6 364.4 -235. -129.
	
0.	 12.06 13.68
	
5.
	
10.0 746.1 390.8 -246. -145.	 0.	 13.59 15.12	 5.
	
11.0 773.0 411.4 -251. -160.	 0.	 15.00 16.41	 5.
	
11.0 792.0 424.6 -252. -173.	 U.	 16.25 17.51	 S.
	
11.0 803.6 431.6 -246. -18).	 0.	 17.33 18.42	 S.
Model output	 03-03-80	 Actuals
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300
270
240
210
180
150
120
90
80
30
0
-30
-80
-90
-120
-150
-180
-210
-240
-270
-300
TIME IN HOURS
2
I
0
-I
-2
-3
-4
-5
-6
-7
-9
-10
0
NOON
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TEMPERATURE 'C
20	 ACTUAL VERSUS PREDICTED SUB ROAD TEMPERATURE
19
18
17
	
PREDICTED 38cm	 - PREDICTED 18cm
18
15
14
	
ACTUAL 38cm	 ____ ACTUAL 18cm
13
12
11
10
9
B
7
6
5
4
8	 10	 12	 14	 18	 18	 20	 22	 24
MIDNIGHT	 TIME IN HOURS
03-04 MARCH 1980
'S
jijj
1
'	 F
. C.
	
1'
.1.:
wç
p'.-
- -.- .-
'	
:' _
04-03-80	 -
- 357 -
TO T36
13.10 6.00
13.90 6.4)0
14.50 6..0
15.00 ..lv
15.30 6.20
15.b0 *,.2'l
IS.40 ,.3u
15.50 6.30
15.10 0.44'
14.80 6.51k
14.50 D.OU
14.10 o.7I
13.50 b.So
12.60 7.uO
11.94 7.20
10.90 7.30
10.60 7.4u
10.30 1.50
8.4(1 7.50
7.70 7.oO
7.lu 7.1)0
6.40 1.10
i.10 7.oO
5.00 7.7u
%.2o 7.7v
4.6v 7.70
4.$v 7.lu
4.4t) 1.9u
4.2u 7.9u
4.00 7.9U
J.bv 7.64'
3.;, 7.141
3(4	 1.'Iu
4.60 1.7(1
2.50 1.1,0
2.4u 7.uli
1.341 •I.uu
2.1u 7.50
1.90 7.50
1.7u i.w
l.Su 7.40
1.40 1.30
1.30 l.0
1.24) 1.24)
1.10 7.10
0.7u 6.90
u.70 ,.90
0.60 la.60
0.10 9.440
0.$(1 6.60
(1.406.10
u.Su ..10
0.5u 6.20
.I.90 ta.5u
1.10 u.IU
1.441 ti,JU
1.34k 0.40
1.60 9.44'
4.10 6.10
2.54' O•04)
3.00 ó.u'l
4.iu (1•90
4.1', 5.')u
4.uu t..l.I
5S4) 5.6')
..30 5.10
_...0 .
7.Su 5.9u
6.24) 5.80
..70 5.90
8.90 .$'l
9.1'1 5,14,
Ai T18 Tslab
2.10 o.40 I 1.1*
6.13 o.uU 14.11
b.0 7.Uu 15. U
6.70 7.54,
9.04, 1.du lu.1O
9.410 .l.ly lv.$U
O..,u v.4.e
	
9.lut .J.lu	 I • dl
9.30 *.9O 10.54
9.2u 15.914
8.90 •1.3ts IS..)
$4.60 9.5(, 15.04
6.60. 9.6', 14.24
9.1(1 13.14
7.10 9,4441 11,94
7.tUj 9.841
	
7.uU 9.60	 9.84
	6.40 9.bv	 a.,)
	5 io 9.4 ,	 •1. 9)
	 4) .3 '	 •1.30
	4.30 b 9u	 I. .u4
	 4 d l 	 S •
	3 9u 0.S 	 5.54
	2.5" 6 	 4.04?
	 .3 O.lu	 .4 • 64
	1 90 7.uo	 4.2.I
2.41	 1.60	 3.),
1.)	 l.lu
	
1.60 7.50	 3 • 44
	1.40 1.2 	 .4.20
	0 84. 7 0	 2.110
0.2u ta.90
	
-0.64, u.1)	 2.
0.26 o.5U
	
-u.lu ti.4U
	 2.10
	
.0.1)0 u.30	 2.50
	
0.36 u.lu
	 1.541
	0.6U i,. o	 1.Ju
	 90 ¶J dU	 1. 1.,
-1.oU 5.70
	
-1.30 5.50	 0.80
	
1.5V 5.40	 u.S.)
	
-1.bu S.3u	 u.4v
	
-0.30 5.10	 O • JO
	
.&.'JlJ -4.90	 41.20
-1.20 4.7.1 -0.441
-1.60 4.o(1
-1.7(1 ..70
-1.du 4.uu
1.5v 4.50 -0. Is)
-2.2u 4.34) -41.5,)
1.90 'e.30 -0.40
-1.Ju 4.2u -0.4,)
	
-0.41) i.u3	 0.1 V
	
(I.uu 3.9.,	 6.2'.'
	
0.bO .2.d'i	 v.2.2
(1.50 3.8u
4jeU 3.o0
l.uU 4.9(1
2.414' 3.94)	 £ .41S
2.54 3.)u
2.70 4.1).)
3.34. 4.04.	 3.1'.)
3,44(1 •*.1u	 2. h.p
4.70 .4.241	 • U'.)
S.2	 e.Su	 S •
J.Jv	 U. £'.
e.20 494,	 1.1 .a
6.644 5,lu	 • .04,
6.00 i.4u 0. v)
o.8U 5.ol)	 6, 7.
6.80 S.du
11
-0 .00083
-0.00082
-0.00081
4l.00079
-iI.00ulo
U.00072
0.00ubl
4.0004i2
•0.00055
-0.00053
-0.00044
-0..00u3o
0.0002s
-0.00020
-0.00012
0.00006
-0.00001
0.00003
-0.00027
-0.00ulO
-0.00014
.000 12
'4I.4001V
-0.0000.
-0.04100.1
U.00005
-0 • 00041.1
-0.00004
-u • 004)02
-0.00001
0.00000
0.0000I.
0.00001
-0.00006
U.0000b
.0.00604
•0.00004
-0.00003
-41.000u3
-0.00002
U.00002
0.00002
41.00001
-0.00001
-0.00001
-0 .00001
-0.000(11
44.000410
U.v000u
0.00000
0.00(100
0 .000 11
0.000418
0.00006
0.00004
0.00002
-0,004161
-0,410404
-0.0041isl
-41.40005
-0.4?0411u
-0.0004
-004I6* I
-0.00016
.41.041017
-0.60011
-9.0414*8
•*8CU$PdT) UArA'*S
SAT. yAP. PHkSSUR4(MD) B 11.24
VAPOUK	 PHSURfr(N0)a 6.86
K.I.. HuW1fl 11*ACTWN * 0.61
APPKUZ. lKC1P. ATEKtN$) 	 10.9
K0AU UAHPIN( LIIPTH(CK)z	 72.
	
Alk UAHPLNG UIPTII(CN)	 2617.	 3001.
A1N 14PA7 TBAlSILK Cufr.(CG&) . 	 0.00256	 0.00328
K	 736 718	 T	 UA	 0	 71s
-5.894	 0.992279.2279.4 13.1 426. 575.	 0.5	 (1
3ULAR SUN	 KK	 S	 N	 Lai.	 TI)	 TC	 SUN
T1I4.	 (AU. NL!./1411J.)	 (C.)
120 707.7 429.7 -116. -314.	 0.	 13.10 17.45
	 1.
12.0 704.7 420.5 -115. -312.	 0.	 15.25 17.41
	 0.
12.0 695.5 417.1 -110. -308. 	 0.	 16.27 I7.6
	 4,
13.0 660.6 401.8 -103. -300.	 0.	 16.67 17.06
	 0.
13.0 O59.6 3U.3 -93..-28$. 	 0.	 16.11 16.76
	 U.
13.0 632.9 353.2 -60. -273.	 0.	 16.53 36.35
	 0.
14.0 aOl.1 421.3 -ol. -255.	 0.	 16.20 15.17
	 e.
14.0 563.9 264.7 -51. -234.	 0.	 15.74 15.29
	 4.
14.0 521.9 244.3 -45. -209.	 0.	 15.19 *4.63
	 0.
15.0 478.7 199.6
	 -3. -196.	 0.	 14.35 13.51
	 0.
15.4 416.2 155.2
	
20. -lob.	 0	 13.50 12.66
	 U.
15.0 374.2 109.6	 24. -135.	 0.	 12.66 11.61
	
0.
16.0 317.5	 65.7	 37. -104.	 0.	 11.82 10.97
	 0.
16.0 257.6	 24.4	 49. -74.	 0.	 10.99 10.17
	 0.
16.0 195.8 -12.2	 58. -46.	 0.	 10.20	 9.41	 0.
17.0 130.9 -42.0	 63. -22.	 0.	 9.48	 8.76	 0.
17.0 53.7 -63.9	 65.	 -2.	 0.	 8.85	 4.21	 0.
17.0	 41.42 -70.5	 60.	 10.	 0.	 8.37	 7.89	 0.
18.0	 0.0 -67.9 167. -99.
	
0,	 6.66	 4.96	 0.
16.0	 0.0 -65.2 136. -74.
	 0.	 5.46	 4.26	 0.
18.0	 (1.0	 63.8 122. -59.
	
0.	 4.67	 3.67	 0.
19.0	 0.0 -62.6 112. -50.	 0.	 4.14	 3.61	 0.
19.0	 0.0 -62.0 1414. -42.
	
0.	 3.71	 3.41	 0.
19.0	 0.0 -01.4	 97. -36.-	 0.	 3.51	 3.24	 0.
20.0	 41.0	 6U.b	 01. -31.	 0.	 3.30	 3.20	 0.
20.0	 0.0 -oQ.3	 86. -26.	 0.	 2.13	 2.97	 6.
24.0	 0.0 -59.9	 81. -22.	 0.	 2.99	 2.bS	 U.
21.0	 0.0 -59.5	 77. -16.	 0. - 2.67	 2.75	 U.
21.0	 (J.0	 59.2	 73.	 14.	 0.	 2.76	 2.65	 4.
21.0	 0.0 -58.8	 b9.. -11.	 0.	 2.67	 2.57	 0.
22.0	 0.0 -56.6	 6.	 6.	 0.	 2.58	 2.49	 0.
22.0	 41.0 -58.3	 63.	 -6.	 0.	 2.50	 2.42	 0.
22.0	 0.0 -56.1	 bI.	 -4.	 0.	 2.43	 2.36	 0.
23.0	 0.0 -57.8	 5).	 -1.	 0	 2.36	 2.30	 0.
23.0	 0.0 -57.4	 So,	 1.	 0.	 2.31	 2.25	 0.
23.0	 0.0 -57.4	 54.	 2.	 0.	 2.25	 2.20	 0.
0.0	 0.0	 h2.b 124. -u2.	 0.	 1.33	 0.42	 0.
41.0	 0.0	 61.5 106. -45.	 0.	 0.70	 0.06	 0.
0.0	 0.0 • ,0.8	 97. -37.	 0.	 0.29 -0.12	 0.
1.0	 0.0	 o0.4	 91.	 31.	 0,	 0.42 .0.24	 0..
1.0	 0.0 -60.1	 66.	 47.	 1,	 -0.15 -0.33	 0.
1.0	 41.0 -59.8	 82. -23.	 0.	 -0.26 -0.41	 0.
2.0	 0.0 -59.5	 79. -20.	 0.	 -0.36 -0.48	 0,
2.0	 0.0 -59.3	 76. -11.	 0,	 -0.46 -0.54	 0.
2.0	 (1.0 -59.1	 73, -15.	 0.	 -0.52 -0.59	 0.
3.0	 0.0 -58.9	 70. -12.	 0.	 -0.56 -0.64	 0.
3.0	 0.41 -58.8	 68. -10.	 0.	 -0.63 -0.69	 0.
3.0	 0.4) -56.6	 66.	 -8.	 0.	 -0.68 -0.73	 0.
4.0	 0.0 -56.5	 04,	 -6.	 0.	 -0.72 -0.77	 0.
4.0	 0.0 -58.4 62.	 -5.	 0.	 -0.76 -0.80	 0.
4.0	 41.0 -58.2	 041.	 -3.	 U.	 0.80 -0.63	 0.
5.0	 0.0 -56.1	 59.	 -2.	 0.	 -0.83 -0.86	 0.
5.0	 41.0 -58.0	 56.	 0.	 O•	 -U.lo -0.69	 U.
5.0	 0.41 -57.9	 54.	 1.	 0.	 -0.69 -0.92	 0.
6.0	 0.0 -25.9 -67.	 93,	 41.	 0.57	 2.02	 0.
•.0 0.0 -27.0 •42.	 68.	 0.	 1.56	 2.54	 0.
6.0 11.5 -16.5 -35.	 51.	 0.	 2.25	 2.93	 0.
7.0 134.4	 5.7	 36.	 31.	 0.	 2.79	 3.34	 0.
7.0 145.6	 27.1	 4Q.	 12.	 0,	 3.36	 3.7S	 0.
7.0 1v7.7	 48.4?	 43.	 -6.	 0,	 3.09	 4.12	 0.
8.8 205.6	 .8.2 -45. -23.	 0,	 4.10	 4.50	 1.
8.0 221.3	 87.4 .46. -41.	 0.	 4.48	 4.84	 0.
8.0 234.9 *05.4	 49. -57.	 0.	 4.84	 5.20	 0,
9.0 247.0 122.0	 50. -72.	 U.	 5.1$	 5.51	 0.
9.0 257.7 136.9 -51, -86. 	 0.	 5.51	 5.83	 U.
9.0 267.2 150.2 -51. -99. 	 0.	 5.81	 6.11	 0,
*0.0 215.4 161.8 -51. -111.	 U.	 6.06	 ..3o	 u.
10.0 482.4 171..	 S0. .122.	 0,	 o.33	 •.s6	 (1.
10.0 288.1 179.6 -49, --131.
	 0.	 6.56	 ..76	 0,
11.0 292.6 185.8 -47. 139.	 0.	 6.75	 6.95	 0.
11.0 295.4 194.2 -45. .146. 	 0.	 6.92	 7.08	 0.
1*.0 27.7 102.7 •41. .151.	 0.	 7.05	 7.19	 4.
Madel Output	 . 04-03-80	 Actuals
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TIME IN HOURS
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IN MLY/MIN GRAPH OF TERMS IN HEAT BALANCE EQUATIONFLUX
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TEMPERATURE 'C
20
	
ACTUAL VERSUS PREDICTED SUB ROAD TEMPERATURE
19
18
17
	
PREDI CTED
	
PREDICTED
16
15
14
	
ACTUAL 36cm	 - - ACTUAL
13
12
ii
10
9
8
7
B
5
4
3
2
I
0
-i
-2
-3
-4
-5
-8
-7
-8
-9
-10
NOON
	
MIDNIGHT
	
TIME IN HOURS
04-05 MARCH 1980
06-03-80
- 360 -
-0.00002
-O.u0002
-0.00004
-0.00004
-0.00002
-0.00002
-0 .uOUuZ
•0.00001
O,v0004
U.OuOui
0.00001
0.00003
0.0000,
0.00004
0.00005
0.00005
0.00000
0.0004,5
0.00005
O.00000
0.00006
0.00006
0.0000,
0.0000*
0.0000u
0 • U GQub
0 • 000041
0.00606
0.0000u
0.00006
0.00000
0.00000
0.0000*
0.0000*
0.00006
0.00000
0.00001
0.00002
0.00002
0.00002
0.00002
0.00002
0.00004
0.00003
0.00003
0.00001
0.00vOl
0,v0600(i.00000
0.UOwaU
O.uUu0u
0.00001
0.00001
0.000ui
0.000*4
6.uOuOO
-O.UOvel
-0.00*02
0.00004
-0.00005
-0.000.1u
-@ • 4100rJ $
-0.000*9
-U.00*uI
-0.00*141
-9.0001*
r36 Air T186.41 41.4,4) %,44)
41.,	 .4I0 6.90
6.110 7.*0
6.7 6.90 7.00
0.•l 7.2u 1.04?
6,•S 7.So 7.30
6.0 7.60 7.lu
6.0 0.2) 7.20
0.4 0.00 7.30
6.4. 9.4u 7.13
6.9 10.10 7...0
6.9 10.10 1.'')
7.1 10.ut. 7.60
7.0 Iu.lu Lou
7.0 10.4.41 1.14?
7.0 tta.54) 7.80
• 41 341.00 7.64?
7.0 10.70 1.au
1.1 1O.lu •.t,')
7.1 34?.it d.s0
7.1 &u.5u 0.00
7.4? ZV.4u 0.0(1
7.1 9.410 11.04)
1 • 1 9.20 b.0
7.2 0.9v 6.10
1.1	 4.5,) d.ulp
• I 6.50 8.00
7.4 I.3U 7.'u
7.3 8.40 1.90
7.3 7.ltI 1.oO
7.4 1.7u 1.b0
1.5
	
7,'.'o 7,.,O
7.5 7.54? 7.5,,
1 • 3 7.0 7.54)
7.3 6.50 7.44)
7.2 6.44? 7.50
7.5 6.54) 1.&u
7.4 6.90 1.4o
7.4 6.00 7.30
7.4 6.541 1.2"
•1 • 4 b.4?tI 1.24?
7.4 4.ou 1.uU
7.4 4.44) 7,00
•,.3 4.44) o.90
7.3 3.90 o.90
7.3 4.*u o.dO
7.., 3.70 41.10
7.3 3.4u 0.60
7.3 3.40 *.SU
1.2 .1.4(1 41.30
7.1 3.9u o.20
1.1 3.64) 6.10
7.1 3.$u 6.10
7.9 4.30 0,04?
7.1 4.40 6.00
7.1 4.40 v.00
7.1 4,4'? 5.90
7.0 4.10 b.Ou
7.0 5.lu 5.8')
Tslab1.bu
7.410
7.40
7 • bit
1.60
770
7..'?
0.04.
41.20
9.00
9.10
9.34)
9.34?
9.24?
•I.041
4.410
(.9',
4•60
• bo
8.90
• 64?
7.lu
6.11)
41,50
* • 4.41
7.64)
6.10
0.54?
41.20
5.du
5.30
S • it'
5.30
5.74?
5.414?
5.10
5.54)
5. lv
4.90
'a .bo
4.40
4.34)
3,90
J•5u
3.141
.4 •
3,20
4.90
3.40
3.60
• *0
3 • .4(3
3.5.'
1.70
7.00
7.70
7 • 4.0
7.90
V • taD
8.10
0.50
8.iu
9.30
9.2j
9.'eu
9 •
9. So
9.410
9.60
9.60
9.';,
9.441
9.04)
8.40
V • VU
7.41'?
7.54)
740
1.70
1.50
7.24?
7.lu
6.96
".5"
4.20
6.04)
41.14?
b.30
6.30
p.30
*.VU
5.70
5.50
S • 30
5.00
4.90
4,60
4.30
3.94?
I .00
4.80
j.'0
3.70
3.70
4.10
4 • 10
4.1*
4.30
4.30
4.04)
S.1u
5.74)
'.741
70)
7.5.,
0 vu
6.ti
.1.414?
7.9,
11.4a
41.9 5.541 5.70 4.31.1
0.9 5.90 5.80 4.ot
o.11 u.Iu 5.70 5.^u
6.1 6.119
•I.9 6.14)
6.S 1.54? 41.14) ?..6.
• .4. 7..,, u.0
0.41 6,( •.4 10.Uu
*.7 7.70 u.7u 4.149
0.11 1.st. *.i
6.v i..3 .. ,,,ij
*.1 5.79 6.44? Ø.4)u
*.7 11.64? 41•94,
	 ,5.j
Actuals
**C)HIUTED VATA'**
SAT. YAP. PRE65URE(N0) B
 10.29
VAPOUK PRESSUKE(Ma). 9.67
KEL. HUMIDITY YKACTION • 0.94
APPRUX. PRECIP. WATEK(NP) B
 15.1
KUAD DAMPING DEPTh(CN) 	 72.
AII( VAMPLIM. Ifl.VTfl(CMI	 3199.	 3349
AIM HEAT TKA14SFER COEF.(CGo)* 0.00364 0.00400
TIsE wIT
14
SUM
DEC	 K	 T36 T18 IS
	 UA
-5.114	 0.993279.8280.0	 7.7 661. 731.
)UL.AH SUN
	
MN	 S	 H	 I.E	 TV
TIME	 (ALl. Id./NIN.)
	
12.0 221.5 144.1 -15. -29. .100.	 7.70
	
12.0 221.3 143.6 -15. -29. -99.
	 1.9S
12.0 220.6 142.1 -15. -28. 	 99.	 8.12
	
13.0 219.5 139.7 -14. -28. -94,
	 4.18
13.0 217.9 136.2 -13. -26. -96.
	 8.20
13.0 215.4 *31.6 -12.
	 25. -95.	 4.19
14.0 213.2 125.9 -11. -23. -92.
	 8.17
14.0 210.0 118.9 -10. -20. -89.
	 4.13
14.0 206.2 110.5
	 8. , 11. -06,	 8.08
1.0 201.7 103.7 -81. 	 44. -06.	 4,94
15.0 196.3	 92.1 -56.	 38. -74.	 9.42
15.0 189.8	 79.2	 45.	 39. -73.	 9.65
16.0 181.8	 64.9 '38.
	 42. -69,	 9.74
16.0 171.5	 49.0	 33.	 47. -03.	 9.74
16.0 157.2	 31.4 -27.	 52. -56,	 9.64
17.0 114.5	 12.3	 23.	 59. -48.	 9.60
17.0 44.4
	 -4.9 -18.
	 66. -40.	 9.40
17.0	 0.0	 23.2	 15.	 72. -33.	 9.38
14.0	 0.0 -24.7	 44.	 59. -70,	 4.59
18.0	 0.0 -24.4	 26.	 67. -*9,	 8.12
18.0	 0.0 -24.2	 19.	 71. -65.	 7.85
19.0	 0.0 -24.2	 15,	 72. -64.	 7.70
19.0	 0.0 -24.1	 13.	 73. -62,	 7.62
19.0	 0.0 -24.1	 11.	 74. -61.	 7.57
20.0	 0.0	 24.1	 10.	 75. -61.	 7.53
20.0	 0.0 -24.0	 9.	 76. -60.	 7.51
20.0	 0.0 
-24.0	 8.	 16. -óO.	 7.50
21.0	 0.0 '24.0	 7.	 77, -59.	 7.49
21.0	 0,0 -24.0	 4.	 77. -59.	 7.40
21.0	 0.0 -24.0	 5.	 77! -SB.	 7 • 47
22.0	 0.0	 24.0	 S.	 77.	 S0.	 7 • 46
22.0	 0.0 -24.0	 4.	 78. -58.	 7 44
22.0	 0.0 -23.9	 4.	 78. -58,	 7.45
23.0	 0.0 -23.9	 4.	 78. -58.	 • 45
23.0	 0.0 -23.9	 3.	 78. -57.	 7.45
23.0	 0.0	 23.9	 3.	 7$. -57.	 7.44
0.0	 0.0 -2.1 110.	 S. -87.	 6.15
0.0	 0.0 -27.5	 70.	 22. -12.	 5.35
0.0	 0.0 -27.4	 65.	 28. -66.	 4 • 90
	
1.0	 0.0 -27.1	 54.	 32.	 63.	 4.64
	
1.0	 0,0 -27.0	 53.	 14. -60,	 4.49
	
1.0	 0.0 -27.0	 49.	 36. -5,.	 4.40
2.0	 0.0 -26.9	 46.	 3$. -57.	 4.33
2.0	 0.0 -20.4	 43.	 40. -56.	 4,29
2.0	 0.0 -26.8	 41.	 41. -55.	 4.26
3.0	 0.0 -26.7	 34.	 4. -54.	 4.23
1.0	 0.0 -27.8	 14.	 13.	 0.	 4 • 47
3.0	 0.0 -28.0	 18.	 9.	 0.	 4.63
4.0	 0.0 -24.0	 19.	 8.	 0.	 4.71
4.0	 0.0 -28,0	 20,	 8.	 (I,	 4.76
4.0	 0.0 •28.0	 19.	 8.	 0.	 4.7S
5.0	 Q.0	 28.0	 19.	 S.	 0.	 4.79
5.0	 0.0 -20.0	 18.	 8.	 0.	 '.7,
5.0	 0.0 '24.0	 19.	 S.	 0.	 4.79
4.0	 0.0	 26.3 -20.	 47.	 0.	 5.26
6.0	 0.0 -26.6	 11.	 35.	 U.	 5.57
6.0 89.4 -11.2 -14.	 24.	 0.	 5.84
7.0 *41.4	 11.0 -20.	 S.	 0.	 6.12
7.0 149.9	 32.5 -24.	 -9.	 0.	 6.41
7.0 190,	 53.4 -24. -2b	 0.	 6.70
8.0 2u$.3	 73.7 -32. -43.	 0.	 6.9,
8.0 223.3	 94.9	 35. -59.	 0.	 7.27
8.0 236.6 110.8 -37. .75.	 0.	 7.55
9.0 248.5 127.4 -39. -1,.	 0.	 7.42
9.0 259.1 142.3 -4*, -103.	 0.	 8.07
9.0 2*8.4 155.6 -41. -115.	 0.	 $ 30
1U.0 410.5 $ol.1 -41. 126.	 0.	 4.52
10.0 283.3 174.9 -41. -136.	 0.	 4.71
10.0 269.0 184.8 -41. 145. 	 0.	 8 • US
*1.0 293.4 *91.1	 40. -152.	 0,	 9.03
1a.w 49u.a *95.4 -34. .158.	 0.	 9.15
*1.0 296.5 *98.4	 36. -1*3.	 0.	 9.2*
I)
0.5
IC
(C.7
	
8.27	 99.
8.21 -99.
8.26 -194.
4.24 -296,
8.22 -393.
5.19 -447.
8.15 -500.
8.10 .669.
4.04 -755.
9.79 -021.
9.90 -1195.
9.88 -9*1,
9.82 -1036.
9.74 -1099.
9.63 -1155.
9.51 -1204.
9.37 -1243.
9.27 -1216.
7.81 1354.
7.65 -1423.
7.5' 1488.
7.55 -1s52.
7.53 '1614.
7.52 -1676.
7.50 .1737.
7.49 -1797.
7.40 '165*.
7.47. 
-1916.
7.47 -1974.
7.4' -2033.
-2091.
7.45 -2149.
7.45 2207.
7.45 -4264.
7 • 44 -2322.
'.44 -2379.
4.85 -2465.
4.56 -2537.
4.44 .2603.
4.30 -2665.
4.34 -2726.
4.30 -2784.
4.27 -2441.
4.25 -2897.
4.22 -2951.
4.20 -3005.
4.72 -3005.
4.7$ -3005.
4.80 -3005.
4.40 -3005.
4.80 -3005,
4.80 -3005.
4.79 •3005,
4.7, -3005.
5.72 .30*5.
S..' -3005.
6.11 -4005.
6.40 -3005,
• .69 .3005.
'.99 •3005.
7.2$ -3005.
7.56 •30o5.
7.53 -3005.
8.04 -3005.
8.32 -3005.
.It)0S
'.73 -3005.
8.90 300S.
9.05 -4005.
9.18 -3005.
9.28 -3005.
.1á 3005.
Model Output	 .06-03-80
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TEMPERATURE 'C
20	 ACTUAL VERSUS PREDICTED SUB ROAD TEMPERATURE
19	 .. -. .
18
17...
16..
15..
14..
13..
12..
11...
10..
9..
8..
5-.
4-
3-
2..
0..
-1..
-2...
-3-
-4-
-5..
-6..
-7-
-B..
-9-i
-10f ..
0	 2
NOON
iI'	 i€:lc.rn-- PREDICTED 36cm
- ACTUAL 18cm- ACTUAL 3Com
t	 r	 i	 r	 t	 tv	 v	 t	 I	 it	 i	 I	 t4	 8	 8	 10	 12	 14	 16	 18	 20	 22 24
MIDNIGHT	 TIME IN HOURS
- 362 -
FLUX IN MLY/MIN GRAPH OF TERMS IN HEAT BALANCE EQUATION
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	 - .........--
270 1 KEY _.LE _RN	 S _H240..
210...
180
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-2704
-3004....	
, -- -	 -- t----- t ...........- r.......r-	 r	 t	 t
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TIME IN HOURS
06-07 MARCH 1980
f'	 j,
4 1;
r• *!
A
I-'f.
1•
4
a
t-.
07-03-80
- 363 -
165.
-166.
-330.
-493.
-654.
-811.
-963.
-1111.
-1253.
-1378.
1.495
-1603.
-1603.
-1*03.
-1603.
-1603.
-1603.
-1603.
-1603.
-1603.
-1603.
1b04.
-1603.
-1603.
-1603.
-1603.
-1403.
-1603.
.1603.
-1603.
-1 oOJ.
-1603.
-1603.
-1603.
1b03.
-1603.
-1o03.
-1603.
-1603.
-1603.
-1603.
-1603.
-1603.
-1603.
1403.
-1603.
-103.
-1603,
-1603.
.1603.
-1603.
-1603.
-1601.
-1603.
1603.
-1403.
-1603.
-1603.
-1o03,
-1603.
-boOl.
-1603.
-14*3.
-1603.
-1603.
'1403,
- i.e J.
1603.
-1.03.
-1603.
'1403.
.1693.
49 • 4
.49.5
-49.4
-49.4
.49.3
-49.3
49.2
-49 • 2
-49.5.
-48.4
-46.2
48.0
-47 • S
-47.7
-47.'
-47.4
-47.3
47 • 2
-41 • 1
-47.1
41.0
-40.9
.44.7
-24.4
-7.2
13.1
31 • 4
4$ • 0
63.1
78.6
99.0
115.7
Ii3 •
127.4
131.5
134.6
136,7
137.9
24.
23.
22.
21.
20.
20.
19.
19.
44.
40.
37.
Is.
34.
33.
32.
31.
30.
29.
29.
28.
21.
27.
26.
26.
25.
25.
-15.
-9.
-18.
-27.
-35.
42.
-47.
SI.
-54.
-5*.
-Sd.
-59.
-5".
-59.
-58.
-57.
-55.
•53.
26.
27,
27.
28.
29.
29.
30.
31.
S.
9.
11.
13.
14.
15.
16.
17.
17.
18.
19.
19,
20.
20.
21.
21.
21.
22,
39.
34.
25.
14.
4.
-1.
.17.
-26.
-35.
-43.
-51.
-5,..
-'9.
-74.
-7,.
-82.
-S5.
0.
0.
0.
0,
0.
0.
0.
0.
0.
0.
0.
0.
0,
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.'
0.
0.
0..
0.
0.
0.
0.
0.
0.
0.
0.
0,
0.
0.
0.
0.
0.
S. Os
5.03
5.01
4.99
4.98
4.9*
4 • 95
4.94
4.61
4.36
4.19
4.07
3.99
3.92
3 • 87
3.83
3.79
3.76
3.73
3.70
3.68
3.65
3.63
3.1
3.40
3.58
4.04
4.39
4 • 76
5.17
5.61
6.06
6.50
4.92
7.32
7.70
8.05
8.37
- .0
8.93
9.17
9.3.
'.57
9.72
0.00160
TIJQ I*T
12
SUN	 RI
•*;CU*i1'iJTlV i,..M*o
SAT. VAP. PH5SURE(HU)a 10.01
VAPOUR VkPSSUI4(RB) 8.51
RtL. IIUKIDITI FRACTION s 0.85
APPRUX. PRlC1P. WATR(M$) S 13.4
ROAD (IAMPII4G DEPT1I(Cs) 	 72
AiR DAi4PI1IG UEPTH(CH)a	 3)67.	 2020.
AIR I4AT TRANVEH COEF.(CCS).	 0.00361
K	 T36 718 T5	 UA
8	 0.993279.9280.2	 8.2 647, 241.
SUN KR	 S	 N	 1.	 ID
(ALL. HL!./HIN.)
	298.9 203.9	 -9. -29. -166.	 8.20
	
298.2 203.0	 -9. -28. -166.	 8.03
	
29o.4 200.3	 -S. -27. -165.	 7.94
	
293.3 195.8	 -7. -26. -163.	 7.87
	
288.9 189.5	 -6. -23. -160.	 7.82
	
283.3 181.4	 -4. -20. -157.	 7.76
	
276.5 171.5	 -2. -16. -153.	 7.70
	
268.4 159.8	 0. -12. -145.	 7.62
	
259.1 146.4	 2.	 -6. -142,	 7.53
	
248.6 130.9	 9. -15. -125.
	
7.37
	
236.8 114.2	 11.	 8. -117.	 7.22
	
223.6	 96.0	 13.	 0. -109.	 7.07
	
208.7	 7*.4 -28. -47.	 0.	 7.44
	
191.5	 53.8 -12. -43.	 1.	 7.59
	
170.7	 32.6	 -1. -32.	 0.	 7.56
	
142.8	 11.4	 7. -19.	 0.	 7.42
	
92.9 -10.9	 14.	 -4.	 0,	 7.21
	
0.0 -27.3	 18.	 9.	 0.	 6.97
	
0.0 -51.9	 5.	 -6.	 0.	 6.30
	
0.0 -51.1	 4*.	 5.	 0.	 5.86
	
0.0 -50.7	 40.	 11.	 0.	 5,59
	
u.0 -50.4	 3u.	 14.	 0.	 5.42
	
0.0 -50.3	 34.	 17.	 0.	 5.31
	
0.0 -50.1	 31.	 19.	 0.	 5.23
	
0.0 -50.0	 30.	 20.	 0,	 5.18
	
0.0 -49.9	 28.	 22.	 0.	 5.14
	
0.0	 49.V	 26.	 23.	 0.	 5.10
	
0.0	 49.7	 25.	 24.	 0.	 5.07
21.0	 0.0
21.0	 0.0
22 • U	 0.0
22.0
	 0.0
22 • 0	 0.0
23.0	 0.0
23.0	 0.0
23.0	 0.0
0.0	 0.0
0.0	 u.0
0.0	 0.0
1.0
	 0.0
1.0	 0.0
1.0	 0.0
2.0	 0.0
2.0	 0.0
2.0	 0.0
3.0	 0.0
3.0
	 0.0
3.0	 0.0
4.0
4.0	 0.0
4.0
	 0.0
5.0
	 0.0
5.0
	 0.0
5.0 0.0
6.0	 0.0
6.0 0.0
6.0 95.9
7.0 139.0
7.0 159.9
7.0 173.4
8.0 183.3
8.0 191.1
6.0 197.4
9.0 202 • 7
9.0 207 • 4
9.0 210.9
7,4.
10.0 216.7
10.0 218.7
11.0 220.3
11.0 221.4
11.0 222.1
-0 .00u02
-0.00002
-0.00002
-0.00002
-0.00002
-0.00002
-0.00001
-0.00001
-0.00001
-0.0000)
-0.0000)
0.00000
-0.00004
-0.0000i
-0.00003
-0.00002
0.00000
0.0000 1
-0.00001
0.00000
0. 0000 1
0 .0000 1
0 .00001
0.00002
0.00u02
U.00uOl
0.00002
0.00002
V.00uOI
4.00002
0.v00v2
0.00002
0.000u2
0.00003
0.00003
O.O0u03
0.000ul
0.00612
0.00414
0 .oOb 1*
0.00018
0.000)9
0.00020
0.00021
0.00022
0.00443
0.00024
0.00026
0.00025
0.00026
(l.00U7
0.00027
0.00028
0.00048
0.00050
v.80v44
4.40032
0.0*018
0.00005
'4.00049
.4I.v0042
-0.00034
-0.90045
-0.0005)
-0.40065
-0.40473
'0 .0908 1
-o • 00080
-0.00094
-0.00100
-0.00104
-0.4,0106
S.90.:'b.7
8. 2O4 .7
V.Su 6.7
9.IOC 6.8
8.00.8
8.4u 6.8
8.40 6.9
3.20 •1.0
7.80 7.0
7.90 7.1
7.90 7.1
7.70 7.)
7.40 9.1
7.Ju 7.4
7.Lu 7.1
6.80 7.2
b.So 1.2
0.40 7.1
4.40 7.1
4.20 7.2
6.10 7.3
5.80 7.1
5.90 7.2
5.90 7.2
5.70 7.2
5.So 7.1
5.10 7.)
4.80 7.)
4.Su 7.1
4.40 7.2
4.10 1.1
3.90 9.1
3.70 1.0
3.60 7.0
3.4o 7.0
3.2u 6.9
3.10 6.9
3.uO o.9
3.00 6.9
3.00 b.*
3.uu 8.3
3.40 .7
3.70 •.7
4.10 6.8
e.iu ..1'
4.44 0.7
4.40 6.7
4.00 •.1
4.70 6,6
4.50 6,4
4.041 4.4
4.oO 6,4
4.70 6.3
4.70 o.3
6.90 4.3
4.90 6.3
5.30 4.2
5.4u 8,3
4.8o 0.4
4.5
6.80 '.4
o • So
8.19 8.4
o • 80 '.5
4.40 6.5
7.30 4.5
3.20 4.4
7.70 4.1
7. 7o '.4
Air
8.941
7.bu1.60
7.104.50
7.20 7 •
7.201.00
1.30
7.3')6.*u
7, ."6.90
7.tu 7.30
7.606.90
7.606.90
7.00
7.5410.90
1.i,6.60
6.10
4.30
4.30 • 10
7.305.60
6.90 7..iu
7. 4')8.10
7.406.40
7.106.20
7.uu6 • 04
5.90
5.90 6.90
5.70 0.90
5.10 8.841
4. 7',5.00
6.1u4.541
4.30 6.60
4.40 6.00
4.24'
4.00 6.30
3.90 4.20
3.10 6.00
8.00
3.30 5,90
3.10 S,bu
5.uU
4.30 5.5',
3.00 5.44'
3.S4, S.4u
4.10 S. 0
430 5.4',
S • 5.40
5.00 5.3',
5.00 5.441
5.10 5.411
6.20 5 • 50
5.3',b.Sv
5.20 5.30
5.40 S • lv
5.40 5. v
5.305. 4u
5.20 5,40
6.505.36
5.30 5.40
5.9(1 5.40
5.60 5.9.)
5.706.10
5.706.30
5.4u20
5.941
..lU 8.00
_.'_ .•vv
0.10 8.0
6.04' *.2u
6.10 4.90
4.60 6.10
6.3w 6.lv
8.49 6.4.,
TAab
9.2u
8.00
8.6',
9.30
8.541
8.)u
8.Su
1._lu
7.61.
7.9'
1.50
7.lv
7.00
0.40
5.9')
5.90
5.911
5.lv
S •
5. 30
S •
5.44J
4.
4.10
4.00
3.3',
.4.00
2.90
2.uo
2.4.j
2.20
2.*v
1.9u
1.iJu
1.9v
1 •
1.9u
2 .oU
2. dv
3.30
3.bu
3.00
3.70
3 • 941
4 • Ui,
3 '
 9v
4..,.,
4. Ou
6.4)0
3..v
4.bu
3 • 'iv
4.50
4.50
5,0',
5.80
5.4,,
S. 7u
S • So
5.7',
6.30
7.9',
4 • dv
inc
-4 •
SOLAR
TIHE
12.0
12.0
12.0
13.0
13.0
13.0
14.0
14.0
14.0
15.0
1.0.
15.0
ló.0
16.0
b.0
17.0
17.0
17.0
18.0
1a.o
18.0
19.0
19.0
19.0
20.0
20.0
20 • 0
21.0
V
0,5
TC
(C.)
7.87
7.86
7.84
7.81
7.77
7.71
7.63
7.54
7.44
7.21
7.07
6.92
7.82
7.14
7.54
7.28
6.99
6.74
5.63
5.42
5.31
5.25
5.20
5.16
5.13
5.10
5.07
5.05
5.03
5.01
4.99
4.98
4.96
4.95
4.94
4.93
4.28
4.11
4.02
3.95
.1.90
3.86
3.82
:1.79
3.75
3.73
3.70
3.6I
3.65
3.63
3.61
3.59
3.56
4.51
4.74
5.13
5.59
6.0$
4.51
6.94
7 • 35
7.73
8.08
8.40
8.69
0.90
9.20
9.41
9.59
9.7.
9.58
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HI
-0. 410025
43. 00v25
-0.00025
.0.00024
-u • 00022
0.043u21
-0.110019
-0.4304321
-0.UOUIO
-0.uUOiu
-0.U0u14
-0.UOul 1
-0. OthIo 9
-0 .00003
-0.0430ul
-41 .000434
0.000u 1
0.0v00
0.00001.
0.0043432
u.00u04
U.000v3
0.uUvOi
-'PA -T36 Air T18 •Tslab
7.oO o.4 o.443 9.50 U • 60
8.90 8.4 u,9U 43.50 11.60
11.40 41.4 7.911 o.uU 11 .9
11.60 41.4 7.90 o.UU 11 • 443
11.80 6.4 0.10 7.10 11 .S.
13.Sv o.4 9.211 7.40 I •.. 1.)
13.80 b.a 3.9v 1.7')
13.lv ó.o J.dIl 1..1lJ 13.Ju
12.143 6.5. H.Sv 8.3.) 11.2.1
11.40 6.7 8.4.) o.5l) 10.5 o
10.4u ..l 7.Ou 8.043 9.4',
143.143 11.3 1.4o 4.1.0 • 2.,
9.90 6.8 7.4u .o.) 9 •
3.943 u.9 1.5 .) b.50 43.20
9.4u 8.9 1.30 4.•44) 0.50
d.7u 1.0 7..,u o..1.) 0.43)
8.043 7.1 b.1U 4.20 •I .0
7.uO 7.2 'a.4t1 .s.2v I' .543
1.iu 1.3 (..2u b..*'J . uO
6.91) 1.3 41.10 o,2'i 5.543
O.5u 1.4 6.143 1.00 5.20
5.9v 7.1 S.t,U l.t.43 4 ..,
5.oO 7.1 5.Uu 1.543 • 243
5.40 7.1 5.uu 7.,0 I .043
5.40 7,3 S.lu 1.443
5.20 7.3 5.Uu 7.34' 4.70
b.uG 1.3 5.10 1.2u 3.511
	
4.94, I.1 4.943 Lou	 •
4.70 1.3 4.4u 7.uo 3.20
4.50 1.3 l.4u o.90
4.40 1.3 4.24. ..70 4,64)
4.10 7.3 3.943 t.s.0 2.943
4,Uu 7.s 3.6u i..40 2.443
3.143 7.4 2.lu u.4')
	
3.441 1.4 2.2u s.Iv	 V
3.JU 7.2 2.8u 9.10 I
3.10 7.v 2.54, 5.90 I .bU
3.143 1.0 4.So 5.8?
3,30 7,0 3.l'i 5.90 2.Lo
3.7o 7.1 3.54a 5.Lu •2.Sv
3.70 7.1 3.4(, 5.00 2.5 o
3.oO 7.0 3.20 5.lu 1. 2u
3.40 6.8 3.ou 5,1.)
4.30 o.9 3.',43 5.uu
3.30 b.9 4.60 5...4) 2. vu
3.uv o.b 1.70 5.5(1 1.80
3.343 41,8 2.24, .4q) 2.10
3.50 .8 3.00 ,.0 4.543
3.50 .6 2.60 ts.sv 2.40
3.So 6.5 2.t'i 5.20 2.443
3.40 6.5 4.2u 5.20 2.40
3.40 9.5 s.943 .).1tl 2.3u
3.6., 6.6 3.243 s.iv
3.oO 6.5 3.90 5.40 2.941
4.1u 6.8 4.441 5.2v 3. 21,
4.20 4.5 4.lv 5.2.) 3.31,
4.40 41.5 4.9u 5.40 4.80
4.50 4,.) 5.0) 5.2u 3.70
4.60 4.4 1.9u b.sll 3.6C
5.143 Ii.) 5.44, 5•35) I.
0.Su 6.4 u.Iu 5.40 4. do
..10 bS 6.OU 5,.iii 5.31.
6.10 41.3 6.50 5.343 5.30
7.30 .,1 7.Ou 5.50 S.. 9,
8.7;-o.-. ;.., 5.50 .1.70
.9.90 41.3 7.9 5..,.) 10.3,
10.U0 o.4 1.5u 5.90 lu.tid
11.50 41.0 7.40 ..2J 12.043
*2.30 0.41 8.2v 6.oU 14.343
14.4u 41.1 8.Sv 6.8(1 1I.90
12.410 6.1 8.30 1.2(1 14.9.)
14.50 4.2 9.6.1 7.0 14.Sv
21.0
21.0
22.0
22.0
22.0
23.0
• 0
23.0
0.0
0.0
0.0
1.0
1.0
1.0
2.0
2.0
2.0
3.0
3.0
3.0
4.v
4.0
4.0
5.0
5.0
5.0
0.0
0.0
6.0
7.0
7.0
7.0
8.41
8.0
8.0
9.0
9.0
10.0
16 • 0
10.0
11.0
11.0
11.0
0.0
0.0
0.43
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
41.0
0.0
0.0
0.0
v.0
43.0
0.0
0.0
4.0
0.43
0.4'
0.43
0.0
0.0
0.41
103.5
148.0
174.4
194.5
211.5
226.2
239.3
251.1
261.6
278.9
285.7
291.3
295.7
290 • 8
300 • 7
-60.9
-60.7
-4,0.4
-60 • 2
-60.1
-430 • 0
-59.9
-30.0
-29.8
-29.6
-29.4
-29.3
-29.2
-29.1
-29.0
-28.9
-28.9
-28.8
-28.7
-28.6
28.5
-28.5
-2$ • 4
-28.4
-41.8
-22.4
-2.9
18.5
39.3
59.5
78.9
97.2
114.2
129.
143.9
• w .
175.9
183.1
188.6
192 • 4
194.i
42.
40.
38.
36.
35.
34.
32.
ii.
43.
41.
39.
38.
37.
36.
36.
35.
3'.
34.
JJ.
32.
32.
31.
31.
30.
Jo.
30,
-21.
14a
-23.
-36.
-41.
-59.
-09.
-78.
86.
92.
97.
-'U
104.
-106.
•107.
-104.
-*0.1.
4.49
4.44
4 • 39
4.35
4.31
4.28
4.25
4.22
4.05
3.90
3.79
3.69
3.62
3.56
3.50
3.45
3.41
3.37
3.33
3.29
3.25
3.22
3.19
3.16
3.13
3.11
3.69
4.13
4.58
5.11
5.69
6,31
S. .95
7.60
8.25
8 • 89
9.51
10.11
11.20
11.6$
12.13
12.52
12.86
4.43
4.39
4.35
4.31
4.28
4.25
4.22
4.20
3.87
3.75
3.67
.2.60
3.55
3.50
3.45
3.40
3.30
3.32
3.29
3.25
3.22
3.19
3.16
3.13
3.11
3.08
4.28
4.56
5.04
5.43
4.27
6.92
7.59
8.25
8.90
9.53
10.14
143.10
1 1.24
11.73
12.17
12.51
12.91
13.21
(1.
0.
0,
0.
0.
0.
0.
0.
0.
V.
U.
1.
U.
0.
V.
U.
4?.
0.
'I.
.43.
0.
V.
U.
0.
0.
7.
11.
11.
11.
11.
11.
11.
11.
11.
11.
11-
11.
11.
11.
11.
11.
II.
11.
***C0iftUThU I,AThSS*
SAT. VAI'. £	 UHE(N8)z 10.79
VAPUUH	 PtSSUHE(Nb)s 7.77
REI.. HUHIDITI IHACTIWI a 0.72
APPRUX. I'RICIP. WAT1R(MM)' 12.3
KOAD DAMPING 43PTH(CMJu	 72.
AIR DAMPIUG DIPTH(CI4)a	 2813.	 15.13.
AIR HEAT TkAhSIER CUIV,(CG5) z	0.00291	 0.00098
K	 736 718 75	 UA	 43	 T1M WT
0.993279.6 219.7	 7,6 499. 131.	 o.s	 u
SUN	 RI.	 S	 *4	 L	 TO	 TC	 SUN
(Aid. NLT./HIN.) 	 (C.)
01.0 198.5 -55. -144.	 0.	 7.60 11.82	 1.
00.3 191.6	 54. -144.	 0.	 9.70 11.90	 0.
98.4 195,0 -53. -142.	 0.	 10.74 11.77
	 0.
95.4 190.6 -51. -140,	 0.	 11.23 11.71
	
0,
91.0 184.4 -48. -137.	 0.	 11.43 11.64
	 0.
85.3 176.3 -45. -132.	 0,	 11.48 11.53
	 4.
78.5 166.0 -40. -127.	 0.	 11.44 11.40
	 0.
70.5 155.1 -35. -120,	 U.	 11.34 11.24
	 0.
ol.2 141.4 -30. -112.	 0.	 11.20 11.05
	
0.
51.0 126.1	 -7. -119.	 0.	 10.81 10.42
	 0,
39.1 109.8	 -5. -104.	 0.	 10.45 10.10
	 0.
25.9	 91.9	 0. -92.	 0.	 10.12	 9.78	 U.
11.0	 72.9	 5. -79.	 0.	 9.79	 9.46	 u.
93.9	 52.8	 11. -65.	 0	 9.46	 9.12	 0.
13.4	 31.9	 17. -50.	 0.	 9.11	 8.77	 0.
48.4	 10.	 23. -34.	 0.	 8.76	 8.40	 43.
00.1 -11.3	 29. -18.	 0.	 8.39	 8.02	 U.
4.0	 29,8	 33,	 4.	 0,	 8.03	 7.u7	 0.
0.0 -67.2 103. -3u.	 0.	 6.88	 5.73	 u.
43.0	 85.1	 03. -18.	 0.	 6.09	 5.30	 0.
0.1) -64.1	 72.	 -8.	 0,	 5.59	 5.08	 0.
0.0 -03.4	 68.	 -2.	 0,	 5.26	 4.94	 0,
0.0 -62.9	 61.	 2.	 0.	 5.05	 4.03	 0.
0.0 -62.4	 So.	 6.	 0.	 4.89	 4.74	 0.
0.0 -62.1	 53.	 9.	 0.	 4.78	 4.66	 U•
0.0 -61.7	 50.	 12.	 0.	 4.68	 4.59	 43.
0.0 -01.4	 47.	 15.	 0.	 4.61	 4.53	 u.
0.0 -61.2	 44.	 17.	 0.	 4.54	 4.48	 U.
-4.337
SOLA8
11N1
12.0 3
12.0 3
12.0 2
13.0 2
13.0 2
13.0 2
14.0 2
14.0 2
14.0 2
15.0 2
15.0 2
15.0 2
16.0 2
16.0 1
18.0 1
17.0 1
11.0 1
11.0
18.0
18.0
18.0
19.0
19.0
19.0
20 • U
20.0
20.0
21.0
	
19.	 0.
21. 0.
22. 0.
24. 0.
25. 0,
27. 0.
28. 0.
29. 0.
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-u.	 0.
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32.	 4.
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-10.	 0.
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NOON	 MIDNIGHT
08-09 MARCH 1980
• I
.	 •f	 -T-- -----I-	 T1
18	 20 22 24
TIME IN HOURS
09-03-80
- 369 -.
RI
0.410230
-0.00229
-0.00227
-0.00222
0.002 £5
-0.00207
-0.0019..
-0.00181
0.001 oW
-0.410153
0.0v lit,
-0.00115
-0.uOv9S
-0.00055
-0.4104)31
-0.004121
-0.0000I
tP.Uv0,9
-0 .041043
-0. 00033
-u .4,0020
-C. . uOu 1.'
-0.00012
-0.00008
-0.004104
-0.00001
0.011001
i .004iv4
0.0004,4,
0.0,U4 1
v.v0012
0.00014
0.0001..
0.041001
• OOvO 3
0.000412
0.laOOy2
-0. uOiaU4
-0.000u1
-0.0C.uol
.0 . 0430411
-0.00001
-0.00001
-0.00041
0.04141o1
-0.4104101
0.04141vv
0.404410
41.0410419
o.00vow
0.00414,6
0.00005
0,0Uuv
4.00004
0.0041(.3
0.00402
U. 000v2
0.4104101
0.0000*
0.uOoOu
o .i........
0.vlIoOl
-0.000411
0,00001
-0.00041)
-u • 0041411
TO T36
14.*u v.1
15.50 v.4
15.80 6.4
lu.20 u.S
iu.4U u.b
14.00 •,.0
15.SU 0.5
14.30 ü.b
13.00 u.•I
la.uO 7.0
12.441 1.1
13.10 1.2
12.50 7.3
12.20 1.4
11.00 7.5
11.30 1.5
10.90 1.5
10.10 7.4
9.lu 1.1
9..	 1.44
9.40 1.o
9.Ju 44.1
1.50 6.1
7.9 '1.1
7.541 8.1
7.10 u.t
o.uo 8.2
o.4o o.2
u.20 6.2
5.90 44.2
b.iu 3.1
5.., 8.1
5.uu 6.4
4.94) '.0
4.8u 8.0
41.0
4.Su 8.0
.t.i ... 1.9
4.iu l.9
4.lo 1.9
4.20 7.8
4.Ju 7.41
4.30 1.7
Liv 7.v
4.Su 1.6
è.t,u 7.5
4.bu 7.5
4.541 7.4
4.40 7.4
4.uu 1.3
4. ,, 1 7.3
4.lv 1.2
4.9v '1.2
S.Uu 7.2
S.2u 7.1
S...v 7.1
5.5. 7.1
5.Ou 7.2
0.20 1.1
Air TiB Tslab
9.1.3 7.80 14.vU
9 •	 8.00
9.4u 4.50 16.341
9.10 44.80
9.20 9.10 Lb
9.2u
9.30 9.44, lv.Uu
9.40 9..0 Ii. So
8.541 9.041
9.3u 9.941 12.941
9.lu 9.941
9.20 9.9.) 13.11
9.30 1 90 44.Su
9.941 11 .9t.
9.10	 11.241
9.20	 • 841 lu.lu
9.414, 1.70 1 .3 • 2')
'1.20 9.10 9.10
6.1.) 9...) d..0
ii • 4(9	 'S .O1
9.60
7.4',
	
9.50 d.4u
o • • 4) 1.3',
• So 9.341 o.7
U • VU 9.20 0.10
5.40 9.00 5.44',
4.40 8.90 5.30
4.24)	 41 • uU	 4.9.)
4.iii 6.50 4.00
3. lu	 .4.4.)	 .4
1.9u	 4.20
1.440	 3.110
.1.80 3.80
2.40 7.00 ,4.1.)
1.dti 1.Su 3.bu
1.lu 7.40 3.50
1.Iu 7.441 .4.50
1.30 1.10 3.3',
i.Su 7.Uu 3.40
1.20 v.90 3.441
0.90 0.80 3.40
1.10 0.00 3 • 40
O • 40 3.Su
2.iu 0.00 .4.00
2.oU 6.50 .4.70
4.70 o • 40
3.2u v.30 3.7',
3.3u •a.30 1.7u
3.4u 8.40 3.440
3. 7., o.24s 3.440
.70 v.10
4.2u ii • 141 3 • 90
4.3'. u.1U
5.30 v.10 4.3'
5.vu ..iv 4 • 54,
5.70 0.1') 1.741
5.70 v.24) 4.7')
6.4u 0.	 5.19
,6 • 44, o •	 S • iv
s. o.)
S • Vu
v.24,
4.541
U • 541
4,. 90
0.10
1.50
8.341
8.4.10
3.9',
I2.7u
14. lv
41.40 7.1 6.40 .3U
4.SU 7.1 41.34) 8.44'
b.lv 7.0 8.40 •1 • SO
7.00 1.4, 8.4,6) v.40
1.10 41.9 8.70 ".541
7.30 6.9 7.0 ..50
7.30 7.4. o.9u o. 7'
7.9u 7.4., 7.541 v.10
•.U4.0 0.541 ..841
8.20 7.0 8.41') 8.941
b.7U 41.9 h.Ou v.941
1i.7u 41.9 '4.20 7.10
12.41v 8.9 9.24.. 1.30
*$*Ct,H0TW DATA'S'
SAT. yAP. PRESSUHE(N6) 11.55
VAPOUR	 PRESSUKE(Mb)a 6.93
MEL. 1104410171 FRACTION	 0.60
APPROX. PRECIP. WATI.R(MM) 	 11.0
MOM) DAMPING DEPTH(CM)S	 72.
AIR DAMPiNG DEPTH(CN) 	 2113.	 3127.
	
AIM I*kAT TRANSFER C0EF.(CG$)	 0.00174	 0.00353
DEC	 K	 T36 718	 TS	 VA	 U	 TiNE WE1
-3.945	 0.993279.5281.0 14.1 264. 629.	 0.5	 0
SOLAR SUN RN	 S	 H	 LE	 TI)	 TC	 SliM
TIME	 (ALL ML./NIM.) 	 (C.)
12.0 580.6 158.9 -115. -244.	 0.	 14.10 18.96	 1.
12.0 518.4 lSa.5 -114. -243.	 0.	 16.51 18.92	 U.
12.0 571.7 349.4 -110. -240.	 0.	 17.66 11.80	 0.
13.0 560.7 331.8 -103. -235.	 4.	 18.13 18.61	 0.
13.0 545.3 321.5 -94. -228. 	 0.	 18.23 18.33	 0.
13.0 525.7 300.9 -83. -218.	 0.	 18.09 17.96	 0.
14.0 502.3 276.4 -70. -207.	 0.	 17.80 17.50	 0.
14.0 474.9 240.5 -56. -193.	 0.	 17.38 ib.94.	 U.
14.0 444.0 217.2 -40. -177.	 0.	 16,86 16.34	 0.
15.0412.2 183.1 -23. -161. 	 0.	 16.23 15.59	 II.
15.0 314.8 147.5
	 -7. -141.	 0.	 15.52 14.82	 0.
15.0 334.6 111.1
	
9. -121.	 0.	 14.76 14.00	 0.
16.0 292.2	 75.0	 24. -99.	 0.	 13.97 13.11	 0.
16.0 247.3	 40.0	 38. -78.	 0.	 13.14 12.32	 41.
14.0 200.0	 7.8	 49. -58.	 0.	 12.33 11.51	 0.
17.0 149.9 -20.1
	 58. -38.	 0.	 11.53 10.74	 0.
17.0 91.9	 43.3	 .4.	 21.	 0.	 10.80 10.06	 0.
17.0	 0.0 -59.5	 66.	 -7.	 0.	 10.15	 9.50	 0.
10.0	 0.0 -78.7 138. -60.
	
0.	 8.72	 7.30	 0.
18.0	 0.0 -75.5 118. -43.
	
0.	 7.68	 6..5	 0.
10.0	 0.0 -73.	 106. -34.	 0.	 6.97	 6.25	 0.
19.0	 0.0 -72.2	 98. -27.	 0.	 4.47	 5.97	 0.
19.0	 v.) 
-71.1	 91. -21.	 0.	 6.11	 5.74	 0.
19.0	 0.0	 741.2	 85. -16.	 0.	 5.83	 5•55	 0.
20.0	 0.0 .69.3
	
80. -12.	 0.	 5.60	 5.38	 0•
20.0	 0.0	 08.b	 76.	 -8.	 0.	 5.42	 5.23	 0.
2u.0	 0.0 -68.0	 72.	 -5.	 0.	 5.25	 5.09	 0.
21.00.0	 67.4	 .o.	 -1.	 0.	 5.11	 4.91	 0.
21.0	 0.0	 4jb.	 4•	 1.	 0.	 4.98	 4.86	 •U.21.0	 0.0 -68.3	 61.	 4.'	 0.	 4.87	 4.75	 0.22.0	 u.0	 65.9	 59.	 6.	 0.	 4.77	 4.44	 0.22.0	 0.0	 65.4
	 7.	 9.	 0.	 4.66	 4.5o	 0.
2.v	 0.0	 05.0	 54.	 11.	 0.	 4.57	 4.48	 0.23.0	 0.0	 u.7	 52.	 13.	 0.	 4.49	 4.41	 0.23.0	 0.0 -ó.J	 50.	 14.	 0.	 4.41	 4.34	 u.23.0	 0.0	 b4.0	 48.	 16.	 Ii.	 4.34	 4.27	 0.0.0	 41.0 -31.5	 .7. -36.	 0.	 4.03	 3.72	 u.0.0	 41.0 -31.3	 .0.	 29.	 0.	 3.81	 3.59	 0.0.0	 0.0 -11.1	 56. -26.	 0.	 3.66	 3.52	 0.1.0	 41.0 -31.0	 53. -23.	 0.	 3.56	 3.46	 0.1.0	 0.0 -3Q•9	 51.. -20.	 0.	 3.49	 3.41	 U.
1.0	 41.0 -30.8	 48. -18.	 0.	 3.43	 3.37	 0.2.0	 0.0 -3o.7	 4o. -16.	 0.	 3.38	 3.34	 0.
2.0	 0.0 •3u.7	
-15.	 U.	 3.34	 3.30	 0.
2.0	 41.0 -30.6	 43. -13.	 0.	 3.31	 3.27	 0.3.0	 0.0 -343•5
	 42. -12.	 0.	 3.28	 3.25	 0•
3.0	 0.0	 30.S	 40. -11.	 0.	 3.25	 3.22	 0.
3.0	 0.0 -3j.	 39	 -9.	 0.	 3.22	 3.20	 0.4.0	 0.41 -30.4	 38.	 -0.	 0.	 3.20	 3.16	 0.
4.0	 0.0 -30.4	 3'?.	 -7.	 0.	 3.18	 3.16	 0.
4.0	 0.0 -30.3	 36.	 -6.	 0.	 3.16	 3.14	 0.
5.0	 0.41 -30.3	 s.	 -S.	 U.	 3.14	 1.12	 0.
5.0	 0.0 -30.2	 34.	 -5.	 0.	 3.12	 3.10	 41.
5.0	 41.0 -341.2	 3*.	 -4.	 0.	 3.11	 3.09	 4.
o.0	 0.0 -23.3 . 5.	 95.	 -6.	 4.28	 5.44	 -4.
.0	 0.4 -23.9 -38,
	 $1. .19,	 5,00	 5.72	 -26.
6.0 106.0	
-2.1 -33.
	 6$. -32.	 5.49	 5.98	 -56.
7.0 144.1	 18.4 -32.
	
57. -43,	 5.84	 6.20 -lvi.
7.0 163.0	 37.0 -31.
	
47. -53. ' 6.12	 6.39 -154.
7.0 175.6	 54.0 -30.
	 38. -62.	 6.34	 0.56	 21b.
8.0 185.1	 69.5 -30.
	 30. -70.	 6.53	 6.72 -280.
8.0 192.5	 83.4 -29.
	 23. -77.	 6.70	 6.86 -3b3.
8.0 198.7	 95.6 -is..	 lb. -$4.	 6.84	 6.99 -447,
9.0 203.9 106.5 -27.
	 11. -90.	 4.97	 7.10 -537.
9.0 208.2 115.9 -26.
	
5. -95.	 7.09	 7.20 -432.
9.0 211.9 123.9 .25.
	 1. -100.	 7.19	 7.29 -732.
	
10.0 215.0 130.6 -24.
	
-3._-104.	 7.21	 7.11 .114..
	
141.0 311.5 136.1 -22.
	
-6. -10$.	 1.36	 7,43 -944.
	10.0 219.6 140.5 -41.
	 9. -111.	 7.42	 7.49 -1055.
	11.0 221.1 143.9 -20.	 11. -1*3..	 7.48	 7.53 -11.8.
11.0 222.2 146.2 -18. -13. -115.	 7.52	 7.57 -1283.
11.0 222.9 147.6 -17. -14.' -116.	 7.56	 7.60 -1399.
Model Output	 09-10-80	 Actuals
- 370 -
TIME IN HOURS
4
- 371 -
IN MLY/MIN GRAPH OF TERMS IN HEAT BALANCE EQUATIONFLUX300
270
240
210
180
150
120
90
80
30
0
-30
-60
-90
-120
-150
-180
-210
-240
-270
-300
TEMPERATURE C
ATIJAI VF1J PFflTrTFfl RIIR flAfl TFMPFATIIF
NOON	 MIDNIGHT	 TIME IN HOURS
09-10 MARCH 1980
20
19
18
17
18
15
14
13
12
11
10
9
8
7
B
5
4
3
2
I
0
-1
-2
-3
-4
-5
-B
-7
-8
-9
-10
10-03-80
- 372 -
RI
0.00007
-U .00006
-V. 000Vo
-U.0000u
-0.00096
-0 .00006
-0.00008
-0 .00005
-0.00005
•
-0. 00004
-U.uUvU4
-6.uoOUJ
-U • 00004
-0.00602
-U.OvuUl
-0.00001
0.00000
V.0000I
-0.UUuul
-U.000o1
U. 4,00 uU
0.00000
0.00000
U.000uU
U. OuLlUl,
U • UvU U.,
6.00000
0.U,IOuU
O • 061.. 4)0
U.
0.UoOuO
U. 0t)u00
0.0oUI0
-0.UUuSi
0.0 'lv 33
U.00v2 1
-u.QUul3
-o.0000u
-0.00001
0.uouU4
U.u0008
0. Ut.0 14
U .000 to
U .UOv 1 9
0,0002 2
0,Uu025
0.00028
0.01033
0.00635
0.00031
U.00teld
0.u0064
0.Q'lu37
0.u0007
0.00025
-0.80051
-0.8u090
-U .09*
-0.00153
-0.80183
8.t)02 12
-0.6023.
-ii • UU2oi
-U .80280
-0.00397
0.VO425
-4 .u034u
-0.08353
9.10 7.80
8.24: 1.90
7.8*, 8.00
1.bu e.20
7.90 8.30
L3.Su d.5u
8.50 b.ov
8.4u ..10
d.3., 0.Nv
8.Ju o.90
8.st) .1.Sv
8.1.) ..90
b.2u 8.90
6.0., ..90
l.9u ..90
1.7.) o.8o
7.5u n.70
7.4t, o.d0
7.3*' u.IU
u.9*s o.*.0
41.90 6.60
b.4,U o.5U
0.30 o.5.)
6.20 o.40
5.70 o.iU
5.lu 8.20
6.044 1.90
5.90 7.70
5.7u 7.tiu
5.5'. 7.oO
b.t,u l.iu
5.7.. 7.70
S.Lo 7.uu
4.7., 7.Su
4.8u 7.40
4.4u 7.'*u
4.00 7.20
4.1,, 1.2*'
4.24.. 7.0*'
lit, 0.9v
I.t.t. o.60
4.60 u.t.0
3.i.,, *..4u
3.40 v.30
3.3*' 41.26
3.30 ).1U
j.Iu o.Uu
3.4'. 5.Su
3.30 S.8U
3.Iu 5.uO
3.30 5.70
3.iu 5.u..
3.lu 5.oD
3.Ou .S,)
2..0 S.Su
2.7u 5.56
2.64' 5.50
2.6" 5.40
3.Iu 5..,,
3.44.. 5.24.1
3.8*' 5.JU
4.0.1 5jiI
e.5.) 5.30
S.t.P'. 5.5..
5.40 5.oa
5.9 .. 5.7*'
7.40 v.'li
7.40 o.30
7..i o.5U
6.40 o.10
b,U 7.10
TO T36 Air T18 Tslab
13.60
12.30
ii .u0
10.40
11.90
11 .21s
11.41.
10.64,
lv. 4,,
'3.6',
9.70
9.5.,
'1.5*'
9.11'
4.5.,
7 • bV
1.4..
l.1u
I.. • 9*'
v.1*.
u.4u
5.90
5.4.0
S • 1*'
5.5')
'., .1.qJ
5.54,
5.50
5.8*'
5.1t.
4.7*'
4.Iu
.1 • 4')
3.Sv
3.10
.3.24..
.3 • I)4,
• 71..
2.70
2. i'l
2.1v
2.ov
2.Uu
2 • 0..
2.Lu
2.1..
2.1*'
2.0*'
3.60
t .7*.
1 .0*,
2 •
4.,..)
3.6*.
4.1..
S .11..
5.1*'
U. 'IV
•1.'...
9..",
12 • it.
Actua].s
1J.4u 7.0
12.40 1 • U
11.60 1 • 1
10.90 6.9
11.80 7.0
11.50 7.1
11.60 7.2
11.20 7.2
11.20 1.3
10.90 7.4
10.49 7.5
10.40
10.30 7.e
10.30 1..,
9.80
9.4u .5 • ' I
9.40 7.7
8.90 7.0
6.7u 7.1
8.46 7.0
0.20 7.9
b.lv 7.8
7.10 7..,
7.4*) 1.9
7.00 7.9
9.70 7.9
7.9
6.60
8.50 •1.6
o • 4u i.e
7.9
O •	 7.'
v.20 7.0
5.Uu 7.i
S • 4u 1.7
5.00 •1 •
4.Ou 7.7
4.50 7.0
4•44, 7.?
4.10 7.1
3.00 7.7
3.lu 1.0
3.Su 7..
3.30 7.4
.. 14.. 7.4
3. .1*) 7.'
3.10 7.4
3.10 7.,
3.10 7.2
3.40 7.1
3.10 7.1
3. 2v 7.1
3.10 7.2
3.tu 7.,,
I • Uv 7.'
3 • 10 7.1
i. 2*.. 7.0
3 • So 7.1
3.6... 0.9
4.30 9.9
6.8
S •	 0.7
.I.0
b.4u
1.10 41.4
•1 • 41.0
7.90 41.5
9.19 9.6
41.5
1U.e 41.5
11.60
'.5
SAT. YAP. PKSSUME(Ho) z 10.94
VAPOUK	 PKSUiE(M8)* 7.71
REL.. HUMIDITY I'MACTLUN	 0.71
APPRUX. PRECIP. ,ATCR(IIM)a 33
KOAl) DAMPING DkPTIl(CM) 	 72.
	
AIR DAMPING OPTH(CM)	 3618.	 1743.
AIR .ft.AT TRANSFER COIF.(CGS)z	 0.00460	 0.00123
DEC	 K	 136 TIl	 75	 UA	 0	 TLM	 1
-3.552	 0.994250.2281.0 13.4 865. 174. 	 0.5	 0
SOLAR SUN RN	 S	 H	 I.E	 TD	 TC	 SUi
TIME	 (ALL 4L1./NI$.)	 (C.)
	
12.0 303.6 204.2 -35. -170. 	 0.	 13.40 11.22
	 1.
	
12.0 303.0 203.4 -35. -169.	 0.	 12.31 11.21
	 0.
	
12.0 301.1 200.7 -34. -167. 	 0.	 11.75 11.19
	
0.
	
13.0 298.0 196.3 -ii. -164.	 0.	 11.45 11.14
	
0.
	
13.0 293.6 190.1 -30. -160. 	 0.	 11.26 11.01
	 0.
	
13.0 288.0 182.1 -28. -155. 	 0.	 11.13 11.00
	 0.
	
14.0 281.3 172.4 -25. -148. 	 0.	 11.01 10.90
	 0.
	
14.0 273.2 160.8 -22. -140.
	 0.	 10.89 iu.77
	 0.
	
14.0 2b4.O 147.5 -18. -130.
	
0.	 10.76 10.63
	
0.
15.0 254.0 132.0
	 -3. -129.	 0.	 10.49 10.21
	 u.
15.0 242.2 115.5
	 -2. -114.	 0.	 10.24	 9.99	 0.
15.0 229.1	 97.4	 1. -100.	 0.	 10.00	 9.77	 0.
16.0 214.5	 78.2	 5. -84.	 U.	 9.77	 9.53	 0.
10.0 197.8	 57.9	 9. -68.	 0.	 9.53	 9.29	 0.
16.0 178.0	 36.7	 i4. -51.	 0.	 9.28	 9.03	 U•
17.0 152.ó	 15.1	 18. -33.	 0.	 9.02	 8.77	 0.
17.0 112.3	 -o.9	 21. -15.	 0.	 8.7o	 8.49	 C..
17.0	 7.o	 29.3	 25.	 3.	 0.	 8.49	 8.21	 0.
18.0	 0.0 -31.4	 75. -44.	 0.	 7.66	 6.83	 0.
18.0	 0.0 -30.8	 58. -28.	 0.	 7.12	 8.58	 0.
18.0	 0.0 -30.6	 49. -20.	 U.	 6.79	 8.46	 0.
19.0	 0.0 -30.4	 44. -15.	 U.	 6.59	 6.38	 0.
19.0	 0.0 -30.3	 40.	 11.	 0.	 0.46	 0.33	 U.
19.0	 0.0 -30.2	 37.	 -8.	 U.	 6.37	 6.28	 0.
20.0	 0.0 -30.1	 34.	 -5.	 0.	 6.30	 o.24	 0.
20.0	 0.0 -30.0	 32.	 -3.	 U.	 6.25	 8.20	 0.
20.0	 u.Q -30.0	 30.	 -1.	 0.	 6.21	 u.17	 U.
21.0	 0.0 -29.9	 20.	 1.	 U•	 6.15	 0.14	 U.
21,0	 0.0	 29.9	 2u.	 3.	 0.	 8.15.12	 U.
1.0	 0.0 -29.8	 25.	 4.	 U.	 6.12	 u.10	 0.
22.0	 0.0 -29.8	 24.	 5.	 0.	 6.10	 0.08	 0.
22.0	 u.0 -29.7	 22.	 7.	 0.	 6.08	 o.u6	 0.
22.0	 0.0 -29.7	 21.	 9.	 0.	 6.06	 o.o5	 0.
23.0	 0.0 -29.7	 20.	 9.	 0.	 b.05	 6.03	 U.
23.0	 0.0 -29.6	 19.	 9.	 0.	 6.03	 o.02	 0.
23.0	 0.0 -29.8	 19.	 10.	 0.	 6.02	 6.01	 0.
0.0	 0.0 -56.9	 14. -17.	 0.	 5.33	 4.65	 v.
0.0	 0.0 -55.5	 65. -11.	 0.	 4.80	 o.27	 U.
0.0	 0.0	 %4.7	 1.	 .7.	 0.	 4.43	 4.05	 0.
1.0	 0.0 -54.1	 57.	 -4.	 U.	 4.16	 3.90	 0.
1.0	 0.0 -53.0	 55.	 2.	 0.	 3.98	 3.79	 0.
1.0	 0.0 -53.3	 53.	 0.	 0.	 3.83	 3.9	 U.
2.0	 0.0 -52.9	 51.	 1.	 0.	 3.72	 3.60	 0.
2.0	 0.0 -52.7	 49.	 3.	 0.	 3.62	 3.53	 0.
2.0	 0.0 -52.4	 4d.	 4.	 0.	 3.54	 3.4%	 0.
3.0	 0.0 -52.1	 eU.	 5.	 0.	 3.46	 .3.39	 0.
3.0	 0.0 -51,9	 45.	 o.	 0.	 3.40	 3.33	 0.
3.0	 0.0 -51.7	 44.	 7.	 0.	 3.33	 3.27	 0.
8.0	 0.0 -53.5	 43.	 8.	 0.	 3.28	 3.22	 v.
4.0	 0.0 -51.4	 42.	 9.	 8.	 3.22	 3.17	 0.
4.0	 0.0 -51.1	 41.	 10.	 0.	 3.17	 4.13	 u.
5.0	 0.0 -51.0	 40.	 10.	 0.	 3.13	 3,08	 0.
5.0	 0.0 -50.8	 39.	 11.	 0.	 3.09	 3.04	 0.
5.0	 1.0 -50.7	 38.	 *2.	 0.	 3.05	 3.ul	 0.
6.0	 0.0	 25.b	 0.	 25.	 0.	 3.46	 1.87	 0.
u.0 ló.0 -44.5	 3.	 20.	 0.	 3.79	 4.12	 0.
ó.0 115.2	 2.3 -10.	 12.	 0,	 4.20	 4.ol	 0.
7.0 154.4	 19.4 -22.	 2.	 0.	 4.8	 5.16	 0
7.8 179.4	 40.4 -33.	 -8.	 0.	 5.20	 5.73	 U.
7.0 *99,0	 60.8 .43. -18.	 0,	 5.76	 6.31	 0
8.0 215.7	 00.6 •2. -29.	 0.	 6.33	 o.90	 U.
8.0 230.1	 99.1 .60. -39.	 0.	 6.90	 7.48	 0.
8.0 243.3 110.4 ..7.	 0.	 1.48	 8.05	 0.
	
9.0 255.1 *32.2 -73. -40.	 0.	 8.04	 8.oO	 U.
	
9.0 2o5.o 14o.4 -SI. -09. 	 0.	 8.59	 9.13	 6.
	
9.0 274.8 159.4 -82. -78.	 0.	 9.10	 9.62	 0.
	
10.0 282.9 1o9.9 .84. -86.	 0.	 9.59 10.01	 0.
	10.0 289.7 179.0 -80. -94.	 U.	 10.04 10.50	 0.
	
10.0 295.3 180.3 .86. -101.	 0.	 10.46 10.87	 0.
11.0 299.7 192.0	 1b. 107.	 0.	 10.13 11.21	 0.
	
U.0 302.9 195.9 .84. -112.	 0.	 11.14 11.49	 U.
	
11.0 104.8 198.0 .82. -114.	 0.	 11.45 11.73	 0.
)de1 Output	 10-03-80
- 373 -
FLUX IN MLY/MIN GRAPH OF TERMS IN HEAT BALANCE EQUATION
300
270
240
210
180
150
120
90
60
30
0
-30
-80
-90
-120
-150
-180
-210
-240
-270
-300
TIME IN HOURS
- 374 -
TEMPERATURE 'C
	
20
	
ACTUAL VERSUS PREDICTED SUB ROAD TEMPERATURE
19
18
	
17	 ____ PREDICTED 36cm	 EUITEi? Im
16
15
	
14
	
ACTUAL 36cm	 _ACTUAL 18cm
13
12
11
10
9
8
7
	
8	 -- -
5
4
3
2
I
0
-1
-2
-3
-10
10	 12	 14
	
6
	
LB	 20	 22	 24
NOON
	
MIDNIGHT
	
TIME IN HOURS
10-11 MARCH 1980
20-03-80
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I)
0.5
IC
(C.)
10.99
10 • 95
10.85
*0 • 67
10.42
10 • 09
9.69
9.22
8.69
8.48
7.90
7.26
6.60
5.93
5.30
4.72
4.22
3.82
1.22
0.77
0 • 55
0.42
0.31
0.22
0.15
0.08
0.02
-0.03
1. -0.000100. 
-0 .00018V. -0 .000 180. 
-0 .000170, 
-0. 000170. 
-0 .000160. -0.000150. 
-0 • 00014U. -0.000130. -0.000110. -0.000090. 
-0 • 000050. 0,0000b0. -0.000050. -0,000030. -0.000020. 
-0.000010. 0.000000. -0.0000•40. 
-0 .000010,	 0.000000. 0.000000,	 0.000000,	 0.000000.	 0 .000010.	 0.00001U.	 0,000010.	 .0.00001
0.	 0.000010.	 0 .000010.	 (I • 000010.	 0. 00001
U.	 0 • 000010.	 0.000010.	 0 • 000020. 0,000020. -0.000020. -0.000020. -0.000020. .0.000020. -0.00002
0. -0,000020. -0.000020. -0.000020. -0,000010. -0 .000010. -0.000010. -0.000010. -0.000010, -0 .0000 1
0. -0.00001
0. -0.00001
0. -0.00001
0. 0.00000
0. 0.00006
0. 0.0000*
0. -0.00093
0. -0.00007
0. -0.00012
0. -0.00016
0. -0,00020
0, -0.00024
0. -0,00028
0. -0.00032
0. -0.00034
0. -0.0003
0. -0.00042
0. -0.80045
0. -0.00047
0. -0.00049
0. -0.0005*
0. -0.00052
'iii P3 Air T18 Tslab
9.20 4.60 1.70 S •	 0.'.
9.50 4.60 1.70 5.Su 	 t.. I
10.10 4. 70 2.70 5 • 8t	 I.,.'-
11.00 4.50 3.40 6 • ) 	 II..
12.00 4.90 3.10	 1&.i
12.10 5.00 3.20 6.50 II .'.
13.10 5.00 4.10	 I .
13.20 5.10 3.40 7.00 Is .t.'.
13.50 5.20 4.10 1.30 I i.v.
13.50 5.30 4.10 7.O *2.9
13.30 5.40 4.30 1.80 I I •
12.60 5.50 3.90 7.90 I j • N.
12.10 5.40 3.80 8.10 II .I
11.20 5.60 3 • 90 8.20 1". 3.J
10.30 5.70 3.60 0.20	 9.Iv
9.50 5.50 3.30 8.10 	 I •
8.60 5.80 3.10 8.10 	 6.
7.60 4.00 2.80 6.00
6.60 6.10 2.20 7.80
5,60 6,10 2.10 7.60
	 J•t
4.90 6.20 1.40 7,30 	 j • I -
4.20 6.10 1.00 7.11	 2.5'
3.70 4.10 0.90 4.80	 £ .
4.20 6.20 0.60 4.10 	 l.bu
2.90 4.30 0.30 4.40	 * • 411
2.50 6.30 0.20 6.20 	 .1 • '4.
2.10 6.40 0.00 6.00
2.10-6.30 -0.30 5.80 	 • 1..
1.00 6.30 -0.60 5.50	 0. Ii.
1.40 6.30 -0.70 5.80
1.10 6.20 -0.90 5.10 •". •4
0.90 6.20 -0.90
0.70 6.20 -1.00 4.8') -' .ib•
0.50 6.00 -1.00 4.60 -I ' •
0.30 4.00 -1.20 4.40	 • It.
0.10 6.00	 4.00 -I •
-0.30 5.60 1 .bU	 -t • 1
-0.20 5,60 -1.30 3.10
0.00 5.60 -1.20 3.90 -I • 3-
0.40 5.70 -1.20 3.7') - •
0.50 5.70 -1.10
0.70 5.60 -0.50 3.61 -U. I-
	
• 0.50 5.60 -0 • 30 3.50	 11 • .
1.00 5.60 -0.30 3.50 -0.1-'
1.00 5.50 -0.20 3.41) 	 II • Ut.
1.10 5.40 .0.20 3 • 40 	 .1 •
1.10 5.40 -0.20 3,40	 U.Iv
1.10 5.30 0.00 3.40	 O •
1.20 5.20 -0.20 3.40	 0.11)
1.20 5.10 -0.20 3.30
1.30 5.10. 0.00 3,30
	
0.41)
1.30 5.10 0.00 3.30
	
0.2')
1.30 5.10 -0.10 3.30
	 0.21)
1.30 5.10 -0.10 3.20
	 0. Iv
1.30 5.00 -0.2 0 3 • 20
	 0,00
1.30 4.90 -0.20 1.20	 0.10
1.40 4.90 -0.30 3.20 0.10
1.50 4.80 -0.20 3.20
	
v.3 U
	
- 1.70 4.80 0,00 3.10
	 0.61)
2.00 4.S	 0.00 3,2Q	 v.70
2.50 4,50 0.30 3.20
	 1.60
3.00 4.80 0.50 3.30	 2.30
3.80 4.80 1.00 3.30
	 3,lu
4.70 4.70 0.90 3.30
	
4 • 60
4.70 4.60 0.90 3.50 4.50
5.10 4.60 0.80 3.70
	
4 • 00
5.40 4.60 0.90 3.90
5.80 4.70 1.20 4.00	 6,30
6.20 4.70 1.00 4.20 6,50
6.20 4.50 1.10 4.40
	 6. 'W
7.40 4.70 1.50 4.50	 • .
7.70 4.70 1.90 4.60
..'surUr.0 IJALA•
SAT. YAP. PR5SURE(NL$)5 7.58
VAPOUR	 PRISSURE(M8)U 4.39
HIL.. iIU1I,ITY FRACTION .	 0.58
APPKUJ.. Pk*CLP. WATEKI$14)$ 	 7.2
ROAD DAMPING DIPTH(CM). 	 72.
	
A1,( DAMPING DEPTH(CM)S 	 3697.	 2592.
AIR IIAT TRANSFER C067.(CGS) a 0.00478
01C	 k	 136 118 15	 UA
0.395	 0.996277.8278.4 	 9.2 907. 417.
SOLAR SUM RH	 S	 H	 LE	 TI)
TIME	 (ALL NLY./KIN.)
12.0 8d6.7 584.6	 60. -525.	 0,	 9.20
12.0 883.2 580.9 -58. -523.	 0.	 10.08
12.0 872.0	 b9.9 -55. -516. 	 0.	 10.46
13.0 855.5 552.1 -49. -504.	 0.	 10.57
13.0 831.3 526.9 -41, -486.	 0.	 10,49
13.0 800.5 495.1 -32. -463. 	 0.	 10.29
14.0 76i.9 457.3 -22. -436.	 0.	 9.99
14.0 721.0 413.4 -10. -403. 	 0.	 9.61
14.0 672.7 364.6	 2. -367.	 0.	 9.15
15.0 622.3 311.7	 -2. -311.	 0.	 0.81
15.0 564.3 255.3	 15. -271.	 0.	 8,35
15.0 502.3 197.4	 29. -227.	 0.	 7.81
16.0 437.2 139.8	 41.. -181.	 0.	 7.20
16.0 3b9.0	 83.7 -M. -135.	 0.	 6,57
Io.0 298.8	 31.4	 60. -92.	 0.	 5.93
17.0 227.5 -14.8	 66. -52.	 0,	 5.33
17.0 155.4 -52.9	 69. -17.	 0,	 4.77
17.0 83.4 -80.4	 69.	 10.	 0.	 4.30
18.0	 2.7 -104.7 163. -58.	 0,	 2.76
18.0	 0.0 -102.5 130. -28.	 0.	 1.76
18.0	 0.0 -101.3 113. -13. 	 0.	 1.16
19.0	 0.0 -*00.6 103.	 -3 d .	 0.	 0.79
19.0	 0.0 -100.0	 95.	 4.	 0,	 0.55
19.0	 0.0 -99.5	 89. .10.:	 0.	 0.39
20.0	 0.0 -99.1	 83.	 15.	 0.	 0.27
20.0	 0.0 -98.7	 78.	 20.	 0.	 0,17
20.0	 0.0 -98.4	 74.	 24.	 0.	 0.10
21.0	 0.0 -98.1	 70.	 28.	 0.	 0.03
21.0	 0.0 -97.9	 66.	 31.	 0,	 -0.03
21.0	 0.0 -97.6	 63.	 34.	 0,	 -0.07
22.0	 0.0 -97.4	 61,	 36,	 0,	 -0.11
22.0	 0.0 -97.2	 58.	 38.	 0,	 -0.15
22.0	 0.0 -97.1	 56.	 40.	 0.	 -0.18
23.0	 0.0 -96.9	 54.	 42.	 0.	 -0.21
23.0	 0.0 -96.8	 52.	 44	 0,	 -0.24
3.0	 0.0 -96.7	 50..	 46..	 0,	 -0.27
0.0	 0.0 -32.3	 38.	 -7.	 0,	 -0.16
0.0	 0.0 -32.4 . 39.	 -S.	 0,	 -0.10
0.0	 0.0 -32.4	 39.	 -S.	 0.	 -0.07
1.0	 0.0 -32.4	 39,	 -7.	 0,	 -0.05
1.0	 0.0 -32.3	 38.	 -7.	 0.	 -0.05
1.0	 0.0 -32.3	 38.	 -6.	 0.	 -0.06
2.0	 0.0 -32.3	 37.	 -6.	 0,	 -0.07
2.0	 0.0 -32.3	 37.	 -5.	 0,	 -0,08
2.0	 0.0 -32.2	 36.	 .5.	 0,	 -0.09
3.0	 0.0 -32.2	 36.	 .4.	 0.	 -0.11
3.0	 0.0 -32.2	 36.	 -4. - - 0.	 0.12
3.0 . 0.0 -32.2	 •35•:.....4	 - 0.	 0.13
4.0	 0.0 -32.1 135	 0,	 -0.14
4.0	 0.0 -32.1	 34.. -3.... 0,	 0.1S
4.0	 0.0 -32.1	 34.	 3	 0.	 -0.16
5.0	 0.0 -32.1	 34,.- -2.-	 0.	 '0.17
5.0	 0.0 -32.1	 33.	 -2.	 0.	 0.1U
5.0 0.0 -32.0	 33: -2,	 0,	 -0,19
4.0 12.4 -29.9	 l0.' 19.	 0.	 0.00
6.0 114.2	 7.4	
--.a;T:. 4,:.	 0,.	 0.41
6.0 154.3	 14.9	 -5. 1 .10..	 0.	 0.77
7.0 110.2	 37.0.	 ..0...-	 1.16
7.1 200.5	 55..	 -o,	 I.S
7.0 217.9	 79.9 .*35!45.:	 0. '- 1.97
8.0 233.4 100.1 •-31,-..70i:	 0.	 2.38
8.0 247.3 119.1	 0,..	 2.7$
8.0 259.9 136.6 •- 39'-9S	 0,	 3.17
9.0 271.4 152.7 •42.4ll i,.	 0,	 3.s
9.0 281.4 167.1 44.-.423. 	 0.	 3.90
9.0 290.7 *79.8. -46,-134.-- 	 0.	 4,23
10.0 295.7 190.9 -47.-145. 	 I. - 4.54
10.V 3V3.) guV.k -oso-19e.' - V.	 4.82
10.0 311.0 207.6 46. '162.	 0.	 5,07
11.0 315,4 2*3.4 -45. --169. 	 0.	 5.29
11.0 3*8.4 217.4 -43. .174.	 0,	 .4e
11.4 320.4 219.8 .41. '479.	 0.	 5,44
-0.00
-0.12
-0.15
-0.19
-0.22
-0.24
-0.27
-0.29
-0.06
-0.03
-0.03
-0 • 04
-0.06
-0.07
-0.08
-0.09
-0.11
-0.12
-0 • 13
-0.14
-0.15-
-0.16
-0.17
-0.18
-0.19
-0.20
0.34
0.74
1.14
1.55
1.96
2.38
2.7 è
• 3.1$
3.56
3.92
4.25
4.56
4.55
5.10
5.32
5.51
5.67
5.79
0.00251
T1M ET
0
SUM	 RI
Pkdel Out$t	 20-03-80	 Actual.s
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20-21 MARCH 1980
FLUX IN MLY/MIN GRAPH OF TERMS IN HEAT BALANCE EQUATION300	 -.. __..- - .	 ------ -- -
270
240
210
180
150
120
90
80
30
0
-30
-80
-90
-120
-150
-180
-210
-240
-270
-300
0	 2	 4	 B	 8	 10	 12	 i4	 1B 20 22 24
TIME IN HOURS
TEMPERATURE C
20	 ACTUAL VERSUS PREDICTED SUB ROAD TEMPERATURE
17..,	 - -PREDICTED 38cm
i8.151
14	 ____ ACTUAL 36cm 	 ____
13'
124
-I9.
7
8
5
4
3
2
-1.
-2
-3-4
-4-4
-5.
-8
-7-
-8
-9
-10	
-• r	 -- -
0	 2	 4	 8
NOON
PREDICTED 18cm
 ACTUAL 18cm
i-r---r---i- i-r	 Ttr -T---r---r--t-- i--i--r----t----i
8	 10	 12	 14	 16	 18	 20	 22	 24
MIDNIGHT	 TIME IN HOURS
4'
zi.
r . .
-I
'I ,-.	 I
I
•ljl ../•
.p
..f. '
-.--
r!Tà.
.1,
_r -	
•
21-03-80
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•CU$&'UTED UATA*$
1. yAP. PRS&UHE(M$)* 7.16
POUR PMESSURM(NB). 5,44
L. HUMiDITY I'RACTION a 0.76
PRUX. PRECIP. WATEK(MM)	 8.8
AD DAMPING DEPTH(CM)U	72.
K DAMPING IIEPTH(CN)S 	 2163.	 1560.
R MEAT TRANSFER COEF.(cGS) u 0.00101
*	 T36 TIS T&	 UA	 V
.997277.9270.0	 9.5 280 . 136.	 0.5
0.00141
T14	 t.T
4
SUPI	 HI
	
T T36 Air T18 Tsla.
DEC
0.790 0
IOLAR SUM
TINE
12.0 320.3
12.0 319.7
12.0 317.8
13.0 314.1
13.0 310.4
13.0 304.9
14.0 298.2
14.0 290.3
14.0 281.2
15.0 272.1
15.0 260.7
15.0 248.1
16.0 234.2
16.0 210.8
16.0 201.3
17.0 181.3
17.0 155.8
17.0 116.7
18.0 20.1
	
18.0	 0.0
	
18.0	 0.0
	
19.0	 0.0
	
19.0	 0.0
	
19.0	 0.0
	
20.0	 0.0
	20.0	 0.0
	
24.0	 0.0
21.0
	
21.0	 0.0
	
21.0	 0.0
	
22.0	 0.0
	
22.0	 0.0
	
22.0	 0.0
	
23.0	 0.0
	
23.0	 0.0
	
23.0	 0.0
	
0.0	 0.0
	
0.0	 0.0
	
0.0	 0.0
	
1.0	 0.0
	
1.0	 0.0
	
1.0	 0.0
	
2.0	 0.0
2.0 0.0
	2.0	 0.0
	
3.0	 0.0
	
3.0	 0.0
	
3.0	 0.0
	
4.0	 0.0
	
4.0	 0.0
	
4.0	 0.0
5.0 .0.0
5.0 o..•
5.0 0.0
6.0 16.6
4.0 92.0
4.0 163.3
7.0 234.5
7.0 305.1
• 7.0 374.4
8.0 442.3
8.0 507.1
8.0 560.6
9.0 424.4
9.0 479.5
9.0 727.6
10-0_ 770.3
10.0 $01.3
10.0 837.9
11.0 863.3
11.0. 819.7
11.0 Sf0.2
RN	 5	 0	 bE	 TD
(ALL NLI./MIN.)
217.1 -44. -174.	 0.	 9.50
216.3 .43. .173.	 0.	 9.26
213.7 .42. -172.	 0.	 9.12
209.6 -39, -171.	 0.	 901
203.7 -36. -168.	 0.	 8.91
196.0 -32. -164.	 0.	 8.79
186.8 -27. -160.	 0.	 8.65
175.7 -21, -155.	 0,	 8.48
162.9 -15. -145.	 0.	 8.27
14ó.4	 1. -148.	 0.	 7.91
130.4	 7. -13$.	 0.	 7.94
112.9	 14. -128.	 0.	 7.16
94.1	 22. -116.	 0,	 6.76
74.1	 30, -105.	 0.	 6.33
53.2	 38, -92,	 0.	 5.88
31.7	 47. -79.	 0.	 5.40
9.8	 55. -65.	 0.	 4.90
-12.2	 62, .51.	 0.	 4.38
-36.2 100. -64,	 0,	 3.47
37.6	 90. -53.	 0,	 2.80
-37.1	 83. -46.	 0.	 2.34
36.7	 77. -41.	 0.	 2.01
-34.4	 73. -37.	 0.	 1.77
-36.2. 69. -34.	 0.	 1.59
-35.9	 66, -31,	 0.	 1.44
-35.7	 43. -28,	 0.	 1.31
-35.5	 61. .26.	 0,	 1.21
35.4	 58. -23.	 0.	 1.11
-35.2	 56. -21.	 0.	 1.02
3S.1	 54. -20
	 0.	 0,95
-34.9	 5.3. -iv..	 0,	 0.8$
.34.5	 51. -17.	 0.	 0.81
-34.7 •49. -15.	 0,	 0,75
-34.6	 48, -14.	 0.	 0.70
-34.5	 47. -13,	 0.	 0,65
-34.4	 44, -12,	 0.	 0.60
	
-*03.6 133,. -29.	 0.	 0,S1
	
-100.2 120. -20.	 ..0.	 -1.39
-98.2 113.
	
1S...	 0.	 -2.01
-96.8 108.
	 11
	 0.	 -2.45
-95.8 104.
	
-5.	 0.	 -2.78
-94..I 100.	 .5.	 •0,	 -3.02
-94.0 97.
	 -3.	 0.	 -3.22
-93.3	 95.	 -1.	 •0.	 -3.39
-92.6	 92.	 1.	 0,	 -3.54
-92,0 90,	 3,	 0. -3.67
-91.4	 II.	 4.	 0•,	 -3. so
-90.0	 $6.	 5.	 0,. -3.91
-90.4	 84,	 7.	 0,	 -4.01
-89,9	 82.	 Is	 0.	 -4.11
.89,5 $0,	 9.	 0.	 -4.20
-89.1 . 79.	 10.	 0.	 -4.28
-81,7 . 77.	 11.	 0,	 -4.36
-88.3 76.
	 12.	 0, p4.43
64.1	 6.	 52.	 .6.	 -3.67
-48.5	 5. . 44
	
0. -2,97
-21.4 -11.
	
33.	 0.	 -2,24
154 -34. 19.	 0. -1.39
$8.8 •60.	 .1.	 0.	 -0 • 36
107.3 .09. .19.: 0.	 0S4
159.3 -11$, -41.	 0.	 2.20
211.8 146. .45.	 0.	 3.',
263.5 -173. -91.	 0,	 5.27
313.4 •197. 117
	 0.	 6.91
359.7 -217. -142.	 0,	 8.36
401.8 -234. -167..	 0.	 1!.!
a;•.a	
-.5	 s-s.,.
470,5 257. -214.	 0.	 13.26
496.0 •262. -234.	 0.	 14.64
615.5 -243. -252.	 0,	 15.99
520.4 261. -268.	 0.	 17.00
534.7 254. -250.	 0,	 17,95
TC
(C.)
	
9.03	 1.
	
9.02	 0,
	
8.98	 0.
	
8.91
	
0.
	
8.81	 0.
	
8.68	 0.
	
8.51	 0.
	
5.31	 0.
	
5.06	 U.
	
7.55	 0.
	
7.17
	 0,
	6. 	 0.
	 , 	 0.
	5 	 0.
	
	 0.
	4. 	 0.
	
	 0,
	3
	 0.
	2 57
	 (I.
	 .
	 0,
	1 8
	 U.
	 5	 U.
	
	 U.
	
	 0.
	1 9
	 0.
	 1 	 U.
	
	 0,
	
	 0.
	0. 4	 U.
	 8 	 0•
	 ' i	 0.
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8.00 9.50 .7.7!
-:..
8,00 9.6v 0.50
1.00
8.10 9.80 9.20
8.10 10.30 9.50
1.14) *0.40 9.88
$20 10,4v
Actuals
0.00443
TiNE W*T
13
Ni
DEC
S • 082
SOLAR
TINE
12.0 3
12.0 3
12.0 3
13.0 3
13.0 3
13.0 3
14.0 3
14.0 2
14.0 2
15.0 2
15.0 2
15.0 2
16.0 2
16.0 2
14.0 2
17.0 1
17.0 1
17.0 1
18.0 1
10.0
18.0
19.0
19.0
19.0
20 • 0
20.0
20.0
21.0
21.0
21.0
22.0
22 • 0
22.0
23 • 0
23 • 0
23 • 0
0.0
0.0
0.0
1.0
1.0
1.0
2.0
2.0
2.0
3.0
3.0
3.0
4.0
4.0
4.0
5.0
5.0
5.0
6.0
*.0
6.0
7.,
7.0
7.0
8.0
S..
1.0
.0
'.0
A0
10 •o
*0.0
10.0
11.0
11.0
11.0
*C0NPUUU UATA***
SAT. YAP. PRIS5URE(MB). 12.03
VAPOUR	 PS5UR(M8)s 8.66
REI. HUMIDITY FRACTION .	 0.72
APPRUX. PRECIP. WATER(MM). 13.6
ROAD DAMPiNG I)EPTH(CN).	 72.
AIR DAMPING DPTI(CN)s	 3420.
AIR NEAT TRANSVEN COEr.(CG5)- 0
R	 T36.T18	 TS . UA
1.000282.7285.5 12.1 765. 821.
SUN *12	 3	 2	 LE	 ID
(ALL RLY.flUH.)
28.7 240.0 -16. -225.	 0.	 12.
28.1 239.3 -15. -225.	 0.	 13.
26.3 230.9 -14. -223.	 0.	 13.
	
23.4 240.5 127. -17. -351. 	 11.
	
19.2 235.9	 84.	 4. -324.	 10.
13.9 228.8 .60.	 15. -311.	 10.
	
07.4 220.1	 60.	 22. -302.	 10.
99.8 209.5 55.	 29. -293.	 9.
	
91.2 197.2	 51.	 36. -285.	 .
	
80.1 111.1	 33. -51. -164.	 9.
	
69.4 165.5	 36. -45. -157.	 9.
	
57.7 148,4	 37. -37. -148.-	 9.
	
45.0 130.0	 37. -29. -138.	 9.
	
31.1 110.3	 37. -20. -127.	 9.
15.8	 89.5	 37. -11. -116.	 9.
90.9	 68.0	 30.	 -1. -105.	 9.
79.4	 45.9	 39.	 . -93.	 8.
55.0	 23.7	 39.	 19. -82.	 8.
18.8	 -1.3 *27. -12. -114.	 7.
30.1 -2S.
	
65. -41.	 0. . 7.
	
0.0 -29.1	 44. -35.	 0,	 6.
	
0.0- -29.0	 60, -31.	 0.	 6,
	
0.0. -28.8	 56. -28.	 0.	 6.
0.0	 20.7	 $3.	 25o	 0.	 4,
	
0.0 -28.6	 50, -22.	 0..	 6,
	
0.0 -28.5	 47, ,19.	 0,	 6,
	
0.0 -28.5	 45. -1'?.	 0,	 4.
	
0.0 -28.4	 43.	 15.	 0.	 -4.
3$44
.00415
1)
0.5
TC
(C.)
80 13.81
30 13.80
54 *3.77
93 10.33
95	 9.91
37	 9.80
02	 9.67
79 9.56
61	 9.44
65 9.69
62 9.59
54 9.47
44	 9.33
31	 9.18
16	 9.02
01	 0.86
85	 8.69
69	 8.52
46	 6.24
99	 6.72
56	 6.63
72 6.57
61	 6.S1
53	 6.46
47 6.41
42	 6.37
37	 6.33
33 ö29
0.
0.
-351.
-674.
-1287.
-1581.
•1866.
-2029.
-2186,
-2334.
2471.
-2598.
-2714.
-2*19.
-29.12,
-2994.
-3108.
-3108,
-3108.
-3108.
3108.
-3108.
-3108.
-3108.
-3108.
-31 08.
-3108.
3108.
-3108.
-3108.
-3108.
.3108.
-3108.
-3108.
-3100.
-3108,
-3141$.
-3108.
3108.
-3*08.
-3100.
-3108,
-3105,
-3100.
-3108.
-3108.
-3 108.
-3108.
-3100.
-3108.
.3108.
-3108.
-310$.
3108.
-310$.
-3108,
-310$.
-3108.
-3108,
-3108,
-3108.
-1108.
.3108.
-3106.
-3108,
-3108.
.3100.
-JIuS.
-3108.
• 00012
'0.00012
000 12
'U.00Oul
O.000
0.00001
0.00403
0.00003
0.00002
O.041u03
0.00002
-0.00002
-Q • 410002
0.0000t
-0.OuOOl
0.00000
0.00000
0 .00001
-0 • 00001
-0.00002
-0.00002
-u .00002
-0.00002
-0 • 00001
-0.00001
-0 .0000 1
-0.00001
-0.00001
-U.OUvul
-0.00001
-0.00001
0..00000
0 .00000
O .u0uU0
0 .UOuUO
0.0000u
0.00000
0.00000
0.00001
0 .00001
0.00001
0.00001
0.00001
0.0000 1
0 .00001
0. 0000 1
0 • 00001
0.00002
0.00002
0.00002
0 .00002
0.00002
0.00002
0.00002
8.00004
0.80002
0.00401
•.00000
-0.00002
-0.40404
.0.400u5
-0.00001
-0.00004
-0.00019
-0.0001*
-0.00014
0,90015
-0.90014
-0.00017
-0.00017
-0.00018
-TO T36--
12.80 9.50
13.00 9.50
13.90 9.60
14.70 9.70
-13.60 9.80
12.40 9.84)
12.10 9.90
12.20 10.00
12.30 10.10
11.60 9.90
11.20 10.00
11.00 10.00
10.90 10.20
1-0.70 10.10
10.50 10.20
*0.00 10.30
9.40 10.30
8.70 10.20
8.50 10.30
8.20 10.30
5.20 10.20
760 10.20
7.20 10.20
4,60 *0.10
4.40 10.10
o.00 10.10
5.80 10,00
5.60 10.10
5.40 9.90
5.20 9.90
5.10 9.90
5.00 9.80
4.90 9.70
4.80 9.60
4.60 9.60
4.50 9,50
4.50 V.S0
4.40 p.40
4.29 9.40
4.10 9.34)
4.00 9.20
3.80 9.10
3.80 9.10
3.70 9.10
3.70 9.00
3.60 9.00
3.50 0.90
3.60 -8.80
3.40 8.60
3.50 8.50
• 3.40 5.50
3.70 5.50
3.00 8.50
3.90 5.40
4.00 8.40
4,40 8.20
p.00 0.20
5.90 0.30
4.90 8.20
7.80
I • 90
9.90
*1.60
12.10
13.40
$ &AA
14.10
15.34
14.40
14.90
14.10
16.80
Air
9.20
9.30
9 • 80
10 • 40
10.10
9.60
9,50
9 • 60
9.80
9 • 50
9.30
9.20
9 • 20
9.20
0.40
8.00
6.70
..ou
6.50
4.30
4.10
6,10
5.90
5.70
5.70
5 • 40
S.7u
5.bu
S • Si
S.i,v
S.4u
5.50
S .50
5.10
5.10
5.10
S .0u
4.70
4. 4u
4.50
4.30
4.20
4.50
4.30
3 .9u
4.20
4 • 30
4 .u0
4.70
4 .aU
4 .0
4 .Su
4 .0
4.70
5.10
5.44
5.90
4.30
T1O Thial
12.30 13.04
12.40 13.54
*2.50 14.0
12.60 l5,1
12.50 13.74
12.50 12.04
12.40 12.44
12.20 12.94
11.80 13.24
11.70 12.04
11.60 11.44
11.60 11..*i
11.40 11.l
11.30 1i.4a4
11.3e 10.44
11.4u 9.14
11.00 8.74
10.90 6.44
14.10 8.04
10.bv 7.1*i
10.40 7.4i
*0.20 7.2
10.00 0.74
9.94 6.14
9.70 S.7
9.50 5.44
9.30 5.24
.1u 4.94
9.00. 4.84
b8O 4.14
8.7u 4.Si
8.4v 4.44
0.30 4.34
8.20 4.24
8.00 4.Ui
8.00 3.84
7.9.0 3.84
7.7u 3.44
7.61* 3,Si
7.50 3.4
7.40 3.34
7,40 3.2
7.30 3.24
7.20 3.14
7.00 3.04
1.04 2.8
6.941 2.71
0.40 2.74
6,60 2.14
,,4u 2.84
•.50 2.84
6.50 2.94
6.40 2.74
6.3v 2.74
8.30 2.94
9.2U 3.14
4.30 3.64
4.30 4.4
4.40 5.01
7.31
0.44
11.24
12.81
14.74
14.0*
15.64
1.
17 .usJ
17.4
. 01-0480
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FLUX IN MLY/MIN GRAPH OF TERMS IN HEAT BALANCE EQUATION300
270
240
210
180
150
120
90
60
30
0
-30
-80
-90
-120
-150
-180
-210
-240
-270
-300
TIME IN HOURS
4
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TEMPERATURE 'C
20	 ACTUAL VERSUS PREDICTED SUB ROAD TEMPERATURE
19
18
17	 ____ PREDICTED 36cm	 .PREDICTED 18cm
16
15
14	 ____ ACTUAL 36cm	 ____ ACTUAL 18cm
13
12
11
10
9
B
7
8
5
4
3
2
1
0
-i
-2
-3
-4
-5
-8
-7
-B
-10
0	 12	 14	 8	 18 20	 22	 4
NOON	 MIDNIGHT
	
TIME IN HOURS
01-02 APRIL 1980
02-04-80
- 387 -
**.COMPUTED UATA$SS
SAT. VAP. PRESSURE(Mb)U,13.29
VAPOUR PM55UR(MB) 7,98
RL. HUNIDITI FRACTION a 0.60
APPROX. PRECIP. WATXR(MM)$ 12.
ROAD DAMPING DPTH(CM)R.	 72.
	
AIR DAMPING DEPTII(CN)a
	
3294
AIR HEAT TRANSFER CQEF.(CGS)
N	 •T34 71$ 75
	
Uk
1.000251.3213.2 17.4 705. 501
SUN RN
	 3	 N	 lE
(ALL NLT./NIN.)
85.0 493,3 -90. 404.	 0.
	
82.5 490.9 -89. -402.
	
0,
	
76.1 483.8 -86. -398.	 0.
	
65,3 472.1 -82. .391.	 0,
	
49.9 455.7 -76. -380.	 0.
	
30.5 434.7 -69.-367. 	 0,
	
01.2 409.6 -60. -350.	 0.
	
80.1 380.2 -51. .330.	 0.
	
49.4 347.0 -40. -307.	 0.
	
i9.4 311.5 -40. -272. 	 0,
182.3 271.9 -26. -246 	 0.
	
142.b 230.4 -4. -217. 	 0.
	
100.8 187.8
	
-3. -186.	 0,
	
156.8 *44.9	 8. -153.	 0.
	
111.1 102.7
	
11. -121.	 . 0.
164.2	 42.8	 2. -89.	 0.
115.8	 26.1	 32. -59.	 0,
165.7	 -6.0	 37. -32.	 0,
	
111.5 .35.2 145. -111. 	 0.
	
35.2 .53.6 32*. -67.	 0.
	
0.0 -56.9 104. -47.	 0,
	
0.0 -56.1	 9 . . -35.	 0.
	
0.0 .55.5	 83. -27.	 0.
	
0.0 '55.0 . 76. -2 .1.	 0.
	
0.0 -54.4 70. -15.	 0.
	
0.0 -54.3	 64. -10.	 0.
	
0.0 -54U tO. -6.	 0.
	
0.0 -53.7	 Se.	 -2.	 0.
-53.5 52.
-53.2 49.
-53 • 1	 46.
-52 • 9	 43.
-52 • 7	 41.
-52.6	 39.
-52.4	 37.
-52 • 3	 35.
.N4.1 *07.
.77 • 9	 89.
-76.9 l0.
.7o. 2	 .75.
.75.6	 70.
-75.2 67.
-74.8	 63.
-74.1	 61.
-74,2	 58,
5'.
-73.' 54.
.73.4 52.
-73.2 50
.7•3.0	 4..
-72.8	 47.
-72 • 7 4'.
.72.5 44.
-48.5 41.
-44.0 •17.
-16.6 .29.
21.1 .31.
67.0 -45.
*18.4 42.
174.0 •78.
231.6 -95.
Z19 • * -111.
345.4 .124.
399 • 4 •134.
449.5 -146.
495.0 -is).$35.6 .188.
579.2 161.
598.7 •161,
631,0 .140.
636,5 -154.
645,4 .150.
	
2.	 0.
	
5.	 0,
	
7.	 0.
	
10.	 0.
	
12.	 0,
	
14.	 0.
16. 0.
17. 0.
	
-27.	 0.
	
-ii.	 0,
	
.-3.	 0.'
	
2.	 0.
	
5.	 0.
	
9.	 0.
	
11.	 0.
	
14.	 0.
	
16.	 0,
	
ii.,	 0.
	
20.	 0.
22. 0.
23. 0.
	
2$.	 0,
26. 0,
27. 0.
28. 0.
	
• 27.	 I.
	
61.	 0.
	
3'.	 0.
	
• 1,.	 0.
	
.22.:	 0.
	
.57.	 9.
	
-9'.	 0,
	
.137,	 0.
	
-lb..	 0,
	
-222.	 0,
	
•264.	 I.
	
-304.	 0.
	
-343.	 0,
	
-"a-	 8.
	
.410.	 0.
	
-435.	 0,
	
-462.	 0.
	
4S1.	 I.
	
.4,4.	 0,
(a.0
0.0
0.0
0.0
0,0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
30.1
90.5
164.6
132.4
101.)
169.7
137.0
102.9
l's.,
125.1
182.1
'33..
180.0
122.7
is..'
l08.5
812.)
829.3
'39.5
7.50
I.,.,
9.70
.10.90
11.70
13.00
14.09
16.20
1.10
$4.70
18.20
0.10 5.40 7.24) 7.0
8,00 6,20 7.10 8.4
0.79 6.70 7.10 *0,4
8.60 6.50 7.64) 12.1
8.60 7.14 7.90 11.4
0.50 7.20 8.20 15.1
3.50 7.Nv 8.40 16.5
..;.	 .o0• ...v is.,'
0.60 8.30 9.24 19.7
4.50 8.50 9.i) 19.1
4.50 9.10 .9.70 2u.7
5.50 9.vo *0.10 19.6
8.50 10.20 10.50 21.1
1.	 281$.
0.00388	 0.00292
0	 TiNE NET
SUM
DC
5 • 465
SOLAR
TINE
12.0 6
12.0 6
12.0 6
13.0 4
13.0 4
13.0 4
14.0 4
14.0 1
14.0 1
15.0 1
15.0
15.0 A
16.0
16.0
16.0
17.0
17.0
17.0 I
18.0
18.0
18.0
19.0
19.0
19.0
20.0
20.0
20.0
21.0
21.0
21.0
22.0
22 • 0
23.0
23.0
23.0
0.0
0.0
0.0
1.0
•1.0
1.0
2.0
2.0
2.0
3.0
3.0
3.0
4.0
4.0
4.0
5.0
5.0
5.0
6.0
4.9 1
.0
7.0
7.0
7.0$.0
S..
5.0 I
9.0 1
9.0
9.9
£8.0 I
10.0 I
10.0 I
11.0
11.0
11.0
	
1.	 0.5
TO	 TC
(C.)
7.40 .18.74
18.06 18.12
18.35 *8.64
18.43 18.51
18,38 18.32
18.23 18.08
18.01 17.79
11.72 17.43
17.37 17.02
17,08 16.80
16.71 . 16.33
16.26 15.81
15.76 15.25
15.21 14.67
34.65 14.09
14.09 13.53
13.54 12.99
13.02 12.50
	
11.27	 9.52
	
10.00	 0.73
	
9,18	 8.37
8.67 .8.1'
	
8.35	 8.02
	
8.12	 '7,90
	
1.96	 7.80
	
7.83	 7.71
	
.7,73	 7.63
	
7.65	 7.54,
	
'1.57	 7.50
	
7.51	 1.45
7.45 . 7.40
	
7.40	 7.35
	
7.36	 7.31
	
7.32	 7.28
	
7.28	 7,25
	
7,25	 7.22
	
6.33	 5.41
5,69 5.05
	
5.2$	 4.16
	
5.01	 4.74
	
4.$3	 4.05.
	
4.11	 4.58
	
4.61	 4.51
	
4.53	 4.45
4.46 4.40
	
4.41	 4.35
	
4.36	 4.31
	
4.31	 4.27
	
4.27	 4.23
	
4.23	 4.20
	
4.20	 4.17
	
4.17	 4.14
	
4.14	 4.11
	
4.14	 4.13
4.83 5.52
	5. 	 6.12.
	
.11	 6.76
	
.6,80	 7.50
7.57 , S.))
8.41 9.25p.32 $0.23
10.28 11.24
11.26 12.25
12.25 13.24
13.22 14.20
14.16 15.10
15.01 i%Ot
15.54 16.68
16.60 17.34
17.25 *7.91
17.81 18.37
18.26 18.72
RI
1. -0.00027
0. -0.00021
0. -0.00026
0. -0.00026
0. -0.00025
0. -0.00024
0. -0.00023
V. -0.00022
0. -0.00020
0. -0.0001 a
0. -0.00016
0. .0.00014
0. -0 • 00012
0. -0.00010
0. -0.0000 8
0. -0.00006
0. -0.00004
0. -0.00002
0. -0.00008
0. -0.00005
0. -0.00003
0. -0.00002
0. -0.00002
0. -0.00001
0. -0.00001
0. -0.00001
0. 0.0001)0
0. 0.00000
0.	 0.000'0
0. 0.01)000
0.	 0.00400
0.	 0.40001
0.	 0.0u0ui
0.
0.	 0.000111
0. 0.w0001
0. -0.40005
0. -0 .00U0
0. -0.000410.	 0.00000
0.	 0.00001
0. 0.00002
0.	 0.00002
0	 0 U00U2
0.	 0,00003
0.	 0.00403
0, 0.00003
0. 0.00004
0. 8.00004
0.	 (p.90004
0. 0.00005
0. 0.00005
0. • .OoOOS
0. 0.00006
0. 0.0001 *
0. 0.0000
0. 0.00002
0, .0,00004
0, -0.00010
0. -O.0u016
0. -0.00024
0. •0.00031
0. .0.00018
0. -0.00045
0. -0.00053
0. .e.000S•
A
0. -0,00010
0. -0.00074
0. -0.00078
0. .0.0008 *
0. -0.00084
17.40
16.50
1'.70
19.60
19.30
* 9.60
17.60
17.80
17.70
17.90
16.50
111.40
16.30
ib.00
16. 10
15.70
15 • 00
14 • 10
13 • 80
13.00
12.20
11.70
11.30
10.90
10.20
9.80
9.10
N • NO
8.44
7.90
1.60
7,30
7 • 20
6.90
6.70
6.110
6.lo
6.80
4.10
5,70
s.'0
5,40
S • 30
5.10
4.90
4.70
4.oO
4 • 40
4.40
4.20
4.20
4.10
4.10
4.30
4.30
4 .-0
5.10
5.70
t.70
•T36
8.10
8.20
8.30
N • 50
8.60
8 • 70$ • $0
8.90
9.00
9.10
9.20
9.30
9 • 40
9.50
9.50
9 • 60
9.70
9,70
9.90
10.00
10.00
*0.10
10.10
10.20
£41 • 30
10.24
10.34
10,30
lv.40
10.30
10.30
ilI.iu
10.30
10 • 20
10.20
10.20
10.10
10.10
10.00
10.00
9.90
9.80
9.80
9.70
9.60
9.64
9.60
9.-so
9.40
•4U
9.30
•9.20
9.10
9.041
9.19
9.00
5.90
1,80
Air Tl8 T1
10.30 10.00 18.54
30.30 10.40 *7.44
10.70 10.84 17.71
11.30 11.00 22.31
11.Sv 11.30 21.71
12.uO 11.60 22.51
11.10 11.80 10.71
11.4o 14.20 19.44
12.14 12.20 19.34
11.&l1 12.3u 18.9
10.90 12.40 10.9$
11.3') 12.60 17.1$
11.90 12.64 16.6i
11.84 12.6i 16.2
12.Oo 12.68 15.8
11.90 I2•0 15.2
*1.ift) 12.60 14.4
t1.0 12.60 14.2
11.20 12.60 *2.9
10.54 34.60 12.1
8.So 12.40 11.14 • j *
 12.20 10.8
8.2u 12.10 10.4
8.20 Ii.9u 10.1
1.40 11.80 9.1
7.30 11.14 8.7
6.60 11.40 8.4
6.20 11,20 7.
6.3u 10.90 7.1
5.1,4 10.10 4.8
5.ov 10.o 6.4
S.4u 10.4o 6.3
5.10 10.10 5.8
b.uuiw.00 1.8
5.90 9.80 S.
S.eO 9.60 5.4
5.84 9.v 5.4
5.40 9.iu 5.4
5.40 9.20 4.8
5.60 9.00 . 4.7
5.51) 8.0 4.4
5.20 8,70 4.3
.5.20 8.70 4.2
4.70 V.50 4.0
4.50 0.34 '3.8
4.10 8,24) 1.11
3.90 8,10 3.5
4.20 7,90 3.3
3.80 7.80 3.2
3,7u 7.10 3.4
3.7) 7.40 2.8
3.40 7.40 2.11
3.00 7.30 2.5
3.20 1.30 2.5
3.30 7.24 2.7
3.60 7.10 3.8
3.90 7.10 3.5
4.24) 7.10 4.1
5.10 7.10 5.4
A';.
Model tput
	
:. 02-4-80
	
Actuals
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FLUX IN MLY/MIN GRAPH OF TERMS IN HEAT BALANCE EQUATION300
270
240
210
180
150
120
90
80
30
0
-30
-80
-90
-120
-150
-leo
-210
-240
-270
-300
TIME IN HOURS
4
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TEMPERATURE 'C
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13.0 670.9 459.9 -108. -352. 	 0.	 21.75
	
13.0 655.5 443.8 -100. -344..	 0.	 21.74
	
13.0 436.1 423.2 -90. -334, 	 0.	 21.57
	
14.0 612.8 398.6 -78. -321.	 0.	 21.29
	
14.0 585.6 369.9 .65. -305.	 0.	 20.90
14.0 554.9 337.4 -51. .287. . 0. , 20.42
	
15.0 526.0 302.6 -40. -263.	 0.	 19.91
	
15.0 488.8 263.9 -23. -241.	 0.	 19.31
	
15.0 449.0 223.2	 -7. -217. '	 0.	 18.63
	
16.0 407.1 181.5	 9. -191. ' '0. 	 17.88
	
16.0 362.9 139.4	 24. -164. - 0.	 17.09
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18.0 107.2 -800 186. -105.	 0.	 11.74
	
18.0 34.4 -94.2 13. -70. 	 0.	 '10.14
	
18.0	 0.0 -95.5 146. -51.	 0.	 9.05
	
19.0	 0.0 -93.1 132. -39.	 0.	 8.31
	
19.0	 6.0 -91.4 122. -30. - 0. 	 7.81
	
19.0	 0.0 -90.0 113. -23.	 0.	 7,44
	
20.0	 0.0 -88.8 106.	 17.	 0.	 7.16
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21.0	 0.0 -85.1	 83.	 2.	 ' 0.	 6.43
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22.0	 0.0 -82.7 '68.	 15,	 0.	 5.98
	
23.0	 0.0 -82.2	 65.	 17.	 0.	 5.89
	
23.0	 0.0 -81.8 '2.	 19.	 .0.	 5.81
	
23.0	 0.0 -81.4	 60,	 21.	 0.	 5.74
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2.0	 0.0 -91.9 100.	 -9,	 0.	 1.52
	
2.0	 0.0 -91.2	 97.	 -6.	 0.	 1.39
	
3.0	 0.0 -90.6	 93.	 4	 0.	 1.27
	
3.0	 '0.0 -90.0	 90.	 • 1.	 0.	 1.16
	
3.0	 0.0 -89.5	 87.	 1.	 0.	 1.01
	
4.0	 0.0 .88.9	 85.	 4.	 0.	 0.97
	
4.0	 0.0 .
 -68.4	 3.	 6.	 0,	 0.89
	
4.0	 0.0 -68.0 . 00.	 8.	 , 0.	 0.81
5.0	 0.0 -87.6	 78.	 9.	 0.	 0.73
5.0	 0.0 -87.2	 70.	 11.	 0.	 0.67
	
5.0 31.	 -82.6' 72.	 11.	 .0.	 V.44
	
6.0 98.7 -42.3 .34,	 76.	 1.	 187
	
6.0 172.4 -14.6 -36.	 50.	 0..,	 2.98
	
4.8 250.4 25.8 -50.	 24.	 0.	 4.04
	
7.0 330.5	 7o.o -71,	 .5',	 0.	 5.1).
	
7.0, .410.4 132.7 •..95.' .38...	 0.	 .6.30
	
7.0 489.3 193.8 120. , -75. 	 0.	 7.58
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9.0 777.3 442.4 -207. -236. '	0.	 13.43
	
9.9 $38.) 497.3 .223. .275. 	 .0.	 14.92
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10.0 942.	 591.0 -243'. •34N.	 0. •1 '
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11.0 •*'4* 104.2 .236. -470.	 0. 22.92
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